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A B S T R A C T
The internal friction of lead - indium and 
lead - tin binary alloy single crystals has been 
measured as a function of amplitude, temperature and 
composition in the lead - rich solid solution phase, 
at about 4 Kc/s« The crystal specimens were 
electrostatically excited into longitudinal resonance 
and the resultant amplitude of vibration detected by 
a frequency modulation technique. The results are 
discussed in terms of Granato and Liicke1 s dislocation 
damping model. The value of the solute — dislocation 
binding energy deduced from the amplitude-dependent 
damping is in experimental agreement with that deduced 
from the amplitude — independent damping, but this value 
is about four times that calculated from Cottrell’s 
expression. The predicted dependence over a limited 
composition range of the amplitude - independent damping 
on the fourth power of the solute concentration has been 
observed.
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CHAPTER I
INTRODUCTION
When an elastic wave passes through a solid 
the amplitude of* the wave is attenuated, the energy 
of vibration being converted into heat. This occurs 
even if the solid is isolated from its surroundings and 
the phenomena is referred to as internal friction or 
damping capacitance. Internal friction is very 
structure sensitive and hence measurement of internal 
friction can provide valuable information about the 
structure of solids.
Internal friction can arise from a number of 
different sources and it is dependent upon the state 
of the specimen and the measuring conditions as to 
which source or sources will predominate. The sources 
of internal friction that will be considered in the 
present work arise from the motion of dislocations 
in the stress field of elastic waves. Such internal 
friction is referred to as dislocation damping.
As solids exhibit internal friction, their 
behaviour is not perfectly elastic. The total strain
at any instant is the sum of* an elastic and a plastic 
strain. Thus, for a given stress, the strain is greater 
than it would he in a perfectly elastic solid by an 
amount equal to the plastic strain, so that the apparent 
value of the modulus is reduced. The amount &M by which 
the modulus M is reduced below the elastic value is known 
as the modulus defect, and is closely associated with the 
internal friction.
Section 1.1. Methods of measurement.
The fundamental measure of internal friction is the 
fractional loss of vibrational energy per cycle expressed 
as &W/W. There are essentially three different methods 
of investigating internal friction effects, each with its 
own measurement of internal friction which can be numerically 
related to &W/W.
Section 1.1.1. The torsion pendulum method.
The specimen, in the form of a wire, has an inertia 
member attached so as to give a period of torsional 
oscillation of the order of a second. The internal 
friction is usually measured by observing the decay of free 
oscillations, and recording the logarithmic decrement 6,
As the vibrational energy is proportional to the square of
17 -
the amplitude, it follows that,
6 = 6W/2W 1.1
Section 1.1,2, The resonant bar method.
The specimen, in the form of a bar, is excited into 
one of its normal modes of vibration, the frequency 
depending upon the dimensions and material of the specimen.
The logarithmic decrement of the decay of free oscillations 
is usually measured in the case of specimens with low internal 
friction. Specimens with high values of internal friction 
are usually investigated by measuring the width of the 
resonance curve in forced vibrations, and calculating the 
Q factor from the expression,
where 0)o is the resonant frequency, and 6a) is the width 
of the resonance curve when the amplitude of oscillation 
has fallen to 2 2 of its maximum value. Provided that
1/Q<<1 then,
1/Q = 6co/o)o 1.2.
1/Q = &W / = 6/tc 1.3
Section 1.1.3. The ultrasonic pulse method
A short ultrasonic pulse is introduced into the
specimen by means of a piezoelectric crystal. The
attenuation a in the specimen is directly measured by
- 18 -
observing the amplitude of the pulse after transmission 
through the specimen. The attenuation is related to the 
other measures of internal friction by the expression,
aX » 6W / 2W ...................... 1.4.
where \ is the wavelength of the ultrasonic wave.
Section 1.2. Dislocation damping.
Associated with any dislocation motion there is 
an irreversible loss of kinetic energy which is converted 
into heat. Thus the dislocation motion in the stress 
field of an elastic wave will cause a damping of the 
stress wave. The magnitude of the damping will depend 
upon the total effective length of free dislocations able 
to move, and their mode of oscillation.
Section 1.2.1. The Bordoni peak.
Bordoni (1949) was the first to observe internal 
friction peaks in metals at low temperatures (below 0°C), 
These peaks have subsequently been accounted for by 
Mason (1955) and Seeger (1956) in terms of a relaxation 
model involving the jumping of dislocations between 
positions of minimum energy in the lattice. This source 
of dislocation damping will not be considered further in 
the present work.
- 19
Section 1.2.2. The vibrating string model.
Koehler (1952) suggested a simple model in which 
the dislocations, pinned by impurity atoms and dislocation 
network nodes , vibrate in the manner of a stretched string. 
The equation of motion of such a dislocation line in 
forced vibration is of the form,
A(6^x/6t^)+B(6x/6t)+C(6^x/6y^)=b sin cot , , 1,5.
where A is the effective mass per unit length, B is the
damping constant, C the line tension, b the Burger*s
vector and V sin cot the resolved shear stress in the o
glide plane of the dislocation. The natural resonant 
frequency of such a vibrating dislocation is of the 
order of 100 Mc/s, At frequencies well below this
4resonance the dislocation damping is proportional to L
2
and the modulus defect is proportion to L , if an 
exponential distribution of loop lengths is assumed, 
where L is the average loop length.
Section 1.2,3, Granato and Lilcke 1 s model.
Using the simple string model of Koehler (1952),
Granato and Ldcke (195&) have calculated the internal
friction 6. and modulus defect (5M/M). which are both i i
independent of the amplitude of oscillating stress.
For a uniform length of* dislocation loops,
6. = T* A Bio / 7t3C ............. 1.6i
and (&M/M) . = T A ^ . . . . . . .  1.7x
*
where T is an orientation factor, A the dislocation 
density, L the mean dislocation loop length and 0) the 
frequency. For an exponential distribution of loop 
lengths the internal friction and modulus defect are 
increased by numerical factors of 120 and 6 respectively.
The effect upon the internal friction of considering
other dislocation distributions has not been calculated.
The vibrating string model has been further developed 
by Granato and Lilcke (1956) to cover the effect of 
dislocations breaking away from their pinning points during 
the stress cycle. At low stresses, the dislocation 
loops between the pinning points will oscillate according to 
the vibrating string model. However, if the stress is 
increased a stage is reached when the longest loop breaks 
away from one of its pinning points, thus increasing in 
length and enabling the dislocation to break away from all 
of the impurity pinning points. The length of free 
dislocation will then be limited by the dislocation 
intersections. The dislocation will continue to bow 
out with increasing stress with its ends firmly pinned
by the network nodes. When the stress is reversed the 
dislocation will collapse and become pinned by the 
impurity atoms as it passes through the zero stress 
point. Granato and Lilcke (1956) have analysed the 
hysteresis loss due to this breakaway process assuming 
that the average distance between dislocation nodes L^ 
is constant and that the distribution of loop lengths 
is of an exponential form. The internal friction 6^ 
and the modulus defect (6M/M)^ due to the hysteresis loss 
are then,
6. = (T*AL 3KYa/7t2L 2e ) exp (-KYa/L e ) . . . . 1.8.n n c o  c o
and a     1.9.
*
where T and K are orientation factors, taking into account 
the fact that the resolved shear stress on the appropriate 
slip plane is less than the applied stress, Y is 
Cottrell*s (1948) misfit parameter, a is the atomic 
spacing, eQ the maximum value of the strain and r is a 
constant of order unity. If the maximum strain eo
varies over the length of a specimen, equation 1.8 must 
be modified. Granato and Lilcke (1956) have shown that 
for the strain distribution associated with a standing wave 
along the length of a specimen, eQ in the first factor
of* equation 1,8* should be replaced by eQ » The actual 
measured value of internal friction 6 and modulus defect 
&M/M according to Granato and Lilcke * s model will be the 
sum of two components, thus,
6 = 6, + &,    1.10i h
and &M/M = (&M/M). + ( 6 M / M h ........... 1.11i n
If Granato and Liicke's model is obeyed, experimental
results plotted in the form of log (6^ e^) against l/eQ
would give a straight line, where the intercept on the
3 2axis l/eQ = o is proportional to AL^/L^ , and the
slope of the line is proportional to 1/L . This treatmentQ
of experimental data is referred to as a G.L* plot.
In general the experimental results reported in the
literature are in qualitative agreement with Granato and 
Liicke’s model, although detailed analysis indicates only 
limited quantitative agreement. For example, the 
amplitude — independent internal friction 6^ is usually 
much larger than predicted by the model and the amplitude — 
dependent internal friction &^ does not follow the 
expected form exactly, particularly in the region of a 
transition from amplitude - independent to amplitude - 
dependent behaviour. This results in curved G.L. plots,
- 23 -
a typical example being shown in figure 1.1, after 
Caswell (1958). Similar curved G.L. plots have been 
obtained by Niblett and Wilks (1959) and by Hutchison 
and Rogers (1962). Such results can only be interpreted 
qualitatively, thus reducing the usefulness of Granato 
and Lilcke* s model. Furthermore, many of the G,L. plots 
found in the literature and claimed to be linear, are
t
drawn from data covering a very limited strain amplitude 
range. For example, the results of measurements by 
Weertman and Salkovitz (1955) drawn as G.L. plots by 
Granato and Lilcke (195&) cover a strain amplitude range 
of less than two to one. This throws doubt upon the 
interpretations made from such limited data.
None of the modifications to Granato and Lilcke* s model, 
suggested in the literature, eliminate the curvature of 
many G.L. plots.
The predicted behaviour of the amplitude — dependent 
internal friction is based on an assumed exponential 
distribution of loop lengths, although the exact distribution 
is not known. Because of the nature of the breakaway 
process, in which the longest loop length initiates the 
process, the relative abundance of long loop lengths is 
very critical. If Granato and Lilcke * s model could be
-1 0
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Pigure 1.1 Internal friction data presented in the fora of 
a G.L. plot where the absolute temperatures of 
measurement are indicated (after Caswell 1953)*
25 -
modified to take account of different distributions 
of loop lengths then the predicted internal friction may 
differ from the present predictions, particularly in the 
transition region vrhere the experimental data tends to 
deviate most.
The amplitude - independent internal friction should 
be proportional to the fourth power of the loop length, 
and the frequency of vibration, according to Granato and 
Liicke* s model. Generally the experimental results found 
in the literature would indicate a dependence upon loop 
length less rapid than the fourth power, and a dependence 
upon frequency less rapid than a first power. These 
effects will be further discussed in section 1.3*
Section 1.2.4. Modifications to Granato and Liicke1 s model.
Swartz and Weertman (1961) proposed a model in which 
there are two types of impurity pinning atoms. One type, 
which interacts strongly with both edge and screw 
dislocations, pins the dislocations initially, in a 
similar fashion to the impurity atoms in Granato and 
Liicke1 s model. Another type, which interacts only with 
edge dislocations, is evenly distributed throughout the 
lattice. Thus the initial breakaway process is similar
to that of Granato and Llicke 1 s model, but subsequently 
the dislocation motion is limited by the stress field of 
the second type of impurity.
Swartz and Weertman's model predicts that at very 
low strain amplitudes the internal friction increases 
linearly with strain until the dislocations have broken 
away from their initial pinning points, when the internal 
friction is independent of strain as the dislocation motion 
is limited by the second type of impurity. At high strain 
amplitudes the internal friction increases exponentially 
as in Granato and Ltlcke's model. The internal friction is 
also expected to be independent of frequency at low strain 
amplitudes and to vary with loop length less rapidly than 
a fourth power law. However, the model is very limited 
in its application to certain material - impurity systems. 
For example a body centred cubic metal with high stacking 
fault energy with both interstitial and substitutional 
impurities would give the required conditions. However, no 
extensive study of dislocation damping in body centred cubic 
metals has been published.
Rogers (1962) reconsiders Granato and Ltlcke' s 
model and proposes a dynamic loss which is amplitude 
dependent. Since the dynamic loss, of Granato and
Lilcke*s model is proportional to L , it is very 
sensitive to the distribution of loop lengths. Thus 
when breakaway occurs the distribution will change and 
the dynamic loss will become amplitude dependent.
Rogers (1962) predicts that the dynamic loss will increase 
with increasing strain amplitude reaching a plateau value. 
The dynamic loss has to be added to the breakaway loss, 
which normally predominates. However, in certain 
circumstances, if there are two strengths of pinning points 
in the lattice, or one strength of pinning points and two 
dislocation systems, then the amplitude dependence of the 
dynamic loss would occur at lower strains than the 
hysteresisloss, thus enabling the two components to be 
identified. Thus according to this model the internal 
friction would increase with strain amplitude' at very 
low levels, reaching a plateau value and subsequently 
increase again with increasing strain amplitude.
Rogers (1962) proposes that it is the plateau value,which 
most workers extrapolate to zero strain amplitude, which 
is assumed to be the amplitude — independent dynamic loss 
of Granato and LtLcke*s model. Roger* s model would help 
to explain the discrepency between Granato and Liicke ’ s 
predicted value for the amplitude — independent internal 
friction and typical experimental values quoted in the
- 28 -
literature. The experimental results of* Hutchison 
and Rogers (1962), of measurements at 40 kc/s on 
polycrystalline 99•99^% pure aluminium, are in agreement 
with this model. However, no other results of a similar 
nature have been reported,
Gelli (1962) has proposed a serai quantitative model, 
in which the impurity atoms are distributed randomly in 
a cylindrical volume about the dislocations, so that 
only a small fraction of the impurity atoms lie on 
dislocations. When the applied stress breaks the 
dislocation away from its initial pinning points, it 
moves to, and is pinned by, another set of impurity atoms. 
This process, which results in a series of dynamic and 
hysteresis losses, continues until the dislocation is 
completely free of the impurity atmosphere. Gelli (19&2) 
concludes that this process will lead to an amplitude 
dependence at high strain amplitudes in agreement with 
Granato and Lilcke!s model, while at low strain amplitudes 
the power law, first proposed by Takahashi (195&) is 
appropriate,
&h = Peoa .................... 1 -12-
where a and (3 are constants. Gelli (1962) first plots
his experimental results as log versus log e , whichn o
should give a straight line of slope a, at low strain
- 29 -
amplitudes. The limit of the linear region should 
correspond to the beginning of behaviour in agreement 
with Granato and Lilcke * s model. Gelli* s experimental results 
for high purity aluminium are in agreement with this 
model. * However it should be noted that this treatment 
by Gelli does not solve the problem of curved G.L. plots, 
since Gelli*s model requires that the G.L. plots should be 
linear at high strain amplitudes.
Section 1.2.5. Alternative models for dislocation damping.
Weertman and Salkovitz (1955) suggested a model of 
dislocation damping based upon the Mott and Nabarro (19^8) 
theory of creep in metals, and the hysteresis motion of a 
dislocation suggested by Nowick (1950, 1953)* a lattice
containing impurity atoms, which do not have too high a 
binding energy to the dislocations, there is little impurity 
segregation to the dislocations, so that the impurities 
are randomly spaced. The dislocations are assumed to 
interact with the stress field associated with each 
impurity atom of average wavelength X given by,
X = b/ci . . . . . . . . .  I.13
where b is the Burger's vector and c the fractional impurity 
concentration. Energy will be dissipated as the 
dislocation moves back and forth in the stress fields
- 30 -
around the impurities, resulting in amplitude - 
independent internal friction. If the stress is raised 
above a critical value, the dislocation will be able to 
overcome the impurity stress field barrier, and to move 
large distances through the lattice. The resulting 
internal friction will then be amplitude -* dependent 
above the critical stress, which is associated with the 
dislocation breakaway process. The model predicts that 
the critical strain eQ is dependent upon absolute 
temperature T according to the relationship,
e ct exp ( E / k T ) ................1.14o
where E is the binding energy between dislocation and 
impurity atom and kT is the thermal energy. The 
critical stress is also expected to be dependent upon 
impurity concentration c in the following way,
ct G T c .............  1.15
where G is the shear modulus, and Y is Cottrell's (1948) 
misfit parameter.
This model has been extended to high temperature 
regions by Weertman (1958), who calculates the effect 
of temperature upon the velocity of the dislocations as 
they move through the impurity stress field, and also 
upon the rate of dislocation climb.
- 31 -
Weertman and Salkovits (1955) discuss their 
experimental results in terms of their model for which 
they claim reasonable agreement. However, the predictions 
of this model are very similar to those of Granato and 
Lilcke, such that with typical experimental data it is 
impossible to differentiate between them.
- 32 -
Section 1.3. Review of experimental observations.
In this section experimental observations, reported 
in the literature, will be discussed according to the 
various dislocation sensitive parameters involved, 
with particular reference to Granato and Liicke's model.
Section 1.3»1. The effect of plastic deformation.
In general small amounts of plastic deformation 
increase both the amplitude - independent and amplitude — 
dependent internal friction of both single and polycrystal­
line metals. Such effects have been reported by Read(l94l) 
and by Nowick (1950) in copper single crystals, by Read 
and Tyndall (1946) and by Wert (1949) in zinc single 
crystals. Caswell (1958) has shown that cold work 
increases the amplitude - independent internal friction 
over the entire temperature range of 4° K to 300° K.
Baker (1957) has, however, reported that the amplitude - 
independent internal friction of copper and lead single 
crystals was unaffected by the presence of a static stress.
With increasing cold work, both amplitude - 
independent and amplitude — dependent internal friction 
have been found to go through a maximum and then decrease 
with further cold work until the internal friction is
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virtually amplitude independent. Weertman and 
Koehler (1953), Caswell (1958) and Pare (1958) have 
reported this effect in copper single crystals, and 
Niblett (1956) has reported it in polycrystalline copper. 
Caswell (1958) has also reported similar maxima of 
internal friction with plastic deformation in cold rolled 
copper single crystals.
These reported observations are in general qualitative 
agreement with Granato and Lttcke's model. The amplitude — 
independent internal friction is expected to be
4proportional to AL while the amplitude - dependentG
internal friction is expected to give a straight line
3 2G.L. plot with an intercept proportional to AL J/L .n o
Assuming that small amounts of cold work create new
dislocations rather than change the size of the existing
net, and probably remain constant. Hence it is
b. 3 2expected that AL " and AL /L will increase at the samec n c
rate. The results of Read (1941) in the form of G.L. 
plots have been drawn by Granato and Liicke (1956). All 
the lines have approximately the same slope, implying that 
L remains constant, and their intercepts increase with
w
increasing deformation as expected from the increase in 
dislocation density. With further plastic deformation
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the initial increase in dislocation density is off-set 
by a reduction in the average network length . Since 6^ 
is proportional to L  ^ the internal friction will passII
through a maximum and then decrease with increasing 
deformation. Finally, when the mean network length becomes 
less than the length of the impurity pinned dislocation 
loops, the dislocation breakaway process ceases to be 
operative, and the internal friction is amplitude 
independent.
It has frequently been reported, for example 
by Kamentsky (1956), that the handling of specimens gives 
rise to an increase in the internal friction.
Section 1.3*2. The Kflester effect.
Immediately after plastic deformation the internal 
friction generally decays to an equilibrium value after 
about a day. This effect was first observed by FJJrster 
and Kttester (1937), in brass and steel. More extensive 
work by Kbester and Rosenthal (193&) with brass, showed 
that the recovery of the internal friction takes place in 
a similar manner at different temperatures, the time of 
recording decreasing with increasing annealing temperature. 
More recently these effects have been investigated by 
Read (19^0), Smith (1953)* Hikata et al. (1956) and
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by Granato et al. (1958) in copper. Alers (1955)
has investigated these effects in zinc, Gordon and 
Nowick (1956) have investigated sodium chloride and 
Holwech (i960) has investigated aluminium.
This recovery process after plastic deformation is 
observed in both the amplitude — independent and ampli­
tude-dependent internal friction, and is thought to be 
due to vacancies, produced during deformation, diffusing 
to and pinning the dislocations. Granato et al.(l958)
have calculated how the value of 6 . and 6. should vary1 h
with time, assuming that the number of vacancies x 
which have diffused to dislocations after time t, is 
given by the relation of Cottrell and Bilby (19^9)>
X ss X A At2^  . . . . . . . .  1.16o d
where x is the total number of vacancies, and A , is ao 7 d
constant dependent upon the diffusion constant, the 
temperature and the interaction energy between a vacancy 
and a dislocation. Combining these assumptions with 
Granato and Liicke1 s model, the amplitude dependent 
internal friction is expected to decrease with time, 
after plastic deformation, according to the expression,
In 6^ = kx - k2 t 2/3 . . . . 1.17
where and k^ , are constants, and the amplitude — 
independent internal friction is expected to follow the
36 -
expression,
6J_ = (k3 + k% t 3/2) “4 ........... 1.18
where and It. are constants. The only detailed 
3 ^
measurements of amplitude — dependent internal friction 
are by Gordon and Nowick (1956) on sodium chloride, which 
are in good agreement with equation 1,17 although 6^ 
was obtained by measuring the internal friction at only two 
strain amplitudes and substracting 5^. Granato et al (1958) 
have taken experimental data from 16 specimens reported 
in the literature and found that there is generally good 
agreement with equation 1,18 for amplitude — independent 
internal friction,
Holwech has measured the Kttester effect in poly* 
crystalline aluminium and found that recovery of 6^ 
was dependent upon tn where n was found to vary between 
-0,42 and —0*62, This range is significantly less than 
the value of —8/3 proposed by Granato et al, (1958).
Holwech (i960) extends the hysteresis model of Weertman and 
Salkovitz (1955) to explain his results.
Section 1.3,3, Time—dependent effects.
Apart from the time-dependent effects associated 
with the Kdester effect, discussed in Section 1.3,2., time—
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dependent effects have been obtained by vibrating a specimen 
at strain amplitudes where the internal friction is 
amplitude—dependent. Chambers (1957)* working with
single crystals of aliainiun and magnesium, has vibrated 
specimens for various periods at amplitudes above the 
independent region* On cessation of vibration the 
internal friction returns with some time-dependence to its 
original unexcited value. Experimentally, Chambers (1957) 
found that the internal friction decayed according to a 
law of the form
6 - 6  = (6 - 6 ) exp(-(3ftn ) . . 1.19o 1 o
»
where 6 is a constant, 6 is the initial internal  ^ o
friction, 6  ^ is the internal friction at the end of the 
excitation period and 6 is the internal friction at time t. 
The value of n was found to range from 1/3 for short 
excitations to about 2/3 for long excitations, and the
i
value of (3 was found to be inversely proportional to the 
strain amplitude and dependent on the temperature.
Equation 1.19 can be rewritten in the form,
ln(6-6 ) = ln(5_-6 ) - B *tn . . . . , 1.20o 1 o ^
which is similar to equation 1.17, derived by Granato
et al .(1958) for the recovery after plastic deformation.
Chambers (1957) has also made a number of G.L, plots of the
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data, for various times during the recovery process.
These show an increase in slope with time, indicating, 
according to Granato and Liicke*s model, a reduction 
in the average loop length during the recovery process. 
These effects have been interpreted by assuming that 
excitation tears dislocations away from their impurity 
pinning points, which are subsequently repinned by the 
impurity atoms diffusing back to the dislocations 
according to the Cottrell and Bilby (1949) model 
(equation 1 ,l6 ).
Similar time—dependent effects have been observed 
by Kamentsky (1956) and by Beshers (1959) in copper 
single crystals, and by Chambers and Smoluchowiski (i960) 
in aluminium.
Other workers have reported that the measurement 
of internal friction sometimes affects the state of the 
specimen and results in an irreversible amplitude 
dependence of internal friction. However, no details of 
the recovery process are given by Read (1940), Read 
and Tyndall (1946) and Swift and Richardson (1947) on 
their measurements of zinc single crystals.
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Section 1.3.4. The effect of purity and alloying.
The presence of impurities in general reduces both 
the amplitude — dependent and amplitude — independent 
internal friction. For example, this effect has been 
observed by Carbarat et al (1948) in copper alloys, 
by Read and Tyndall (1946) in zinc single crystals, by 
Marx and Koehler (1950), Caswell (1958) and Beshers(l959) 
in copper single crystals and by Takahashi (1956) and by 
Weinig and Machlin (1956) in polycrystalline copper. 
Takahashi (1956) has also reported that the amplitude — 
independent internal friction of polycrystalline copper 
alloys varies as an inverse power function of the 
concentration of solute atoms. He found that for small 
concentrations of aluminium in copper the value of the 
power varied from 1 to 4. The results of Weinig and 
Machlin (1956) of measurements on copper alloys indicate 
a similar inverse power function of the concentration, 
where the power was about 1 for solute concentrations 
between 0.05% and O.V%. Weertman and Salkovitz (1955) 
on the other hand found no systematic dependence of 
amplitude - independent internal friction on the 
concentration of impurities in the case of single crystals 
of lead containing up to 1% of bismuth, tin or cadmium,
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According to Granato and Liicke1 s model the amplitude-
independent internal friction should vary with the
fourth power of the average loop length, as expressed by
equation 1*6. If the dislocation loop lengths are
controlled by impurity pinning points such that |
L < < L then, c n
L = L = a/c . . . . . . . .  1.21c
where a is the atomic spacing and c the concentration 
of impurity atoms along the dislocations. Thus equation
1.6 can be rewritten,
* 4 . T 4&. = T a A Boo/CrTc.........1.22i
Hence the amplitude-independent internal friction should 
vary inversely with the fourth power of solute concentration.
There is insufficient data available from the 
literature to substantiate this power relationship. In
particular there has been no systematic study of amplitude- 
independent internal friction for a dilute alloy system.
The amplitude-independent internal friction is a function 
of dislocation density, solute concentration and orientation, 
and so it is very structure sensitive. Thus it is difficult 
to compare the results from specimens with different previous 
histories. This may account for the scatter in the results
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of Weertman and Salkovitz (1955 ) •
Granato and LUckefs model predicts that the slope
of a G.L. plot is inversely proportional to the average
loop length L . Thus from equation 1.21 it can be seen o
that the slope of a G.L, plot is expected to be proportional 
to solute concentration.
The amplitude—dependent internal friction of lead 
single crystals measured by Weertman and Salkovitz (1955) 
give straight line G.L, plots over the very limited range 
of strain amplitude used. The slopes of the plots vary 
with alloy composition in fair agreement with Granato and 
Lttcke’s model, Caswellfs (1953) results for single 
crystals of copper containing up to 0 ,5% gold give curved 
G.L. plots, so that the effect of solute concentration is 
difficult to interpret . Weinig and Machlin (1956) have 
obtained straight line G.L. plots from results for poly­
crystalline copper containing up to 1%  aluminium or silica. 
However, the slopes of the lines are not in agreement with 
that expected from the solute concentrations.
Takahashi (195&) has measured polycrystalline copper 
containing small quantities of aluminium, zinc or phosphorus. 
He found that the amplitude—dependent internal friction
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could be represented by a relationship of the form of 
equation 1 .12.
viz 6, = (Be a... ................ 1.12h o
The value of a varied from about 1 for pure copper 
to about 2.5 for copper containing 1% solute. This is 
an empirical relationship and Takahashi (1956) does not 
suggest a model to explain it.
At high solute concentrations the internal friction 
ceases to be amplitude-dependent and reaches a steady low 
value. Cabarat et al (1948) and Weinig and Machlin (1956) 
using copper alloys have both reported this effect, which 
is assumed to be due to the suppression of dislocation 
motion by the solute pinning atoms. The source of 
internal friction under such conditions is unknown.
Section 1.3.5. The effect of irradiation.
It has been found that internal friction is reduced 
in magnitude by (3, Y and neutron irradiation.
Measurements on neutron irradiated copper have been 
made by j Thompson and Holmes (1956, 1959) j Barnes and 
Hancock (1958) and Barnes et al .(1958), and on 
neutron irradiated aluminium by Gelli and Federighi(1962).
- 43 -
The effect of Y irradiation on copper has been 
investigated by Barnes et al (1958) and the effect 
of (3 irradiation on copper by Lomer and Niblett (1962) 
and by Lomer (1963).
The most extensive study of the decrease of the 
amplitude—independent internal friction with irradiation 
has been carried out by Thompson and Holmes (1956). The 
internal friction and modulus defect of a copper single 
crystal were measured with the specimen in a nuclear 
reactor while undergoing neutron irradiation. It was 
found that the internal friction fell with time of
irradiation resulting in a steady value after an
12 2 integrated j flux of about 3 x iO neutrons/cm .
Thompson and Holmes (1956) have interpreted 
their results in terms of Koehler’s (19521) vibrating 
string model assuming that the neutron collisions produce 
point defects, usually thought to be vacancies and 
interstitials, which diffuse to and shorten dislocation 
loops, thus reducing the internal friction and the 
modulus defect. Assuming an exponential distribution 
of loop lengths initially, they predict an inverse 
fourth power dependence of 6 ,  and an inverse second 
power dependence of (&M/M)^ , upon pinning point
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coneentration, which is similar to the predictions of 
Granato and LUcke’s model. Their results are in good 
agreement with these predictions, assuming that the 
number of pinning points created is proportional to the 
irradiation time. After sufficient irradiation the 
internal friction reached a steady value which is 
interpreted as indicating that the dislocation damping 
has been completely suppressed.
The source of internal friction in this condition 
is unknown, but a similar situation occurs with the 
suppression of dislocation damping with impurity pinning 
atoms in an alloy.
This work of Thompson and Holmes (1956) does 
provide convincing evidence in support of the existence 
of dislocation damping and in the predictions of Koehler*s
(1952) string model. This type of experiment is very 
crucial to the study of dislocation damping for the 
following reason. Starting with a well annealed 
crystal, pinning points are introduced, by irradiation.
The effect of these pinning points on the internal 
friction can be followed continuously, in the same 
specimen, thus avoiding the disadvantages of comparing 
results from different specimens.
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To estimate the concentration of pinning points, 
that causes the suppression of dislocation damping, 
from the known neutron irradiation, requires an estimate 
of the number of pinning points n created per neutron
kr
collision. Snyder and Nenfeld (1955) have suggested
that n lies between 1 and 100. Thus for the size 
P
of specimen used by Thompson and Holmes (1956), an
12 2 integrated flux of about 3 x 10 neutrons / cm is
expected to result in a pinning point concentration
along the dislocations of from 0.01 to 1 assuming a
7 2dislocation density of 10 /cm . According to the 
simple string model pinning point concentrations from 
0.1 to 1 are expected to completely suppress dislocation 
damping.
Thus it appears that the results of Thompson and 
Holmes (1956) are in very good agreement with the string 
model.
Further evidence for assuming that irradiation 
produces defects which diffuse to and pin the dislocations 
comes from measurements of the internal friction on 
specimen warm-up after low temperature irradiation.
The various annealing stages have been shown to be closely 
associated with the annealing stages of electrical
- 4 6 —
resistivity * Table 1,1 is a summary of* the work
reported in the literature on these effects,
T A B L E  1.1
Summary of work reported in the literature on 
irradiation effects.
INVESTIGATOR Property Type of Temperature of
Measured irradiation irradiation °K
Thompson et al, i.f. and
(1957) mod.
Broom and Ham Review
(1957)
Corbett et al.
(1957,1959). elect.res.
H 21
Barnes and
Hancock (1953).
i.f.
/Thompson and Pare i.f, and 
(i960). mod,
Sousin and
Beinvenue (i960) mod.
Alers and Thompson . _ ,
(1961) 1 .*. £2
Lomer and Niblett 
(1962)
i.f.
Gelli and Federighi i.f. and 
(1962) mod.
Lomer (1963)
(3
n
K
(3
H
i.f.
H
(3
10
78
89 - 182
78
R.T.
100
320
10
internal friction, 
modulus.
Key: i.f.
mod. 
elec. )
res.) electrical resistivity. 
R.T. room temperature.
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Section 1.3 .6 , The effect of quenching.
Barnes et al (1958), Roswell and Nowick (1957) 
and Metzger (1955) have all shown that both the amplitude- 
independent and amplitude—dependent internal friction 
are reduced by quenching from a high temperature.
Levy and Metzger (1955) found that 6^ decreased with 
rate of cooling, and that for a water quenched specimen 
6^ was practically zero.
These results have been interpreted in terms of 
Granato and Lilcke's model. The main effect of quenching 
a metal is to introduce vacancies, the concentration 
increasing with initial temperature and rate of cooling. 
These quenched—in vacancies are thought to diffuse to the 
dislocations which they pin, reducing the loop lengths and 
consequently reducing the internal friction. Levy 
and Metzger (1955) followed this reduction of internal 
friction with time after quenching and found that it took 
about 1 to 3 days at room temperature for the internal 
friction to reach its final steady value. This time period 
is in agreement with the diffusion rate of vacancies at room 
temperature and with the results of Broom and Ham (1957) 
for the electrical resistivity of copper after irradiation.
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Although the results of Levy and Metzger give curved
G.L. plots the slopes of the curves suggest that the average
loop length L has been reduced by the quenching, c
Maddin and Cottrell (1955) have also explained 
quench—hardening as due to quenched in vacancies 
condensing onto dislocations, with a time delay of a 
few days to reach maximum hardness,
A rather similar effect occurs after plastic 
deformation due to the vacancies produced diffusing to 
and pinning the dislocations. This effect is called the 
Kflester effect and is discussed in section 1 ,3 .2 .
Section 1.3.7. The effect of temperature.
The amplitude - dependent and amplitude-independent 
internal friction of metals has in general been found to 
increase with temperature except for conditions where 
relaxation peaks occur. Also the strain amplitude, at 
which the internal friction becomes amplitude dependent, 
tends to occur at lower values.
A change in absolute temperature T is expected to alter 
the equilibrium concentration of impurity atoms pinning 
the dislocations according to the Cottrell (1948) relation, 
c = c q exp (E/ k T ) ...............1,23.
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where c is the mean concentration of solute in the 
o
lattice and E the binding or interaction energy between
dislocation and pinning point. Thus the mean
dislocation loop length L will be, according too
equations 1.21 and 1 .23,
L » a / c exp (E /kT) .  . • • .1.24. c o
Thus substituting equation 1.24 into equation 1.6 we 
obtain,
6 . = T* ABcoa4 exp (-4E/kT)/c \ 3C . . .  1,25 i o
and substituting equation 1,24 into equation 1.7 we
obtain
&* = (T AL 3KYa/n;2L 2e )exp(-KYc exp(E/kT)/e ) n n c o  o o
. . . 1.26
The equations 1.25 and 1.26 express the dependence of 
internal friction upon temperature, according to Granato 
and Lilcke1 s model. The amplitude-independent internal 
friction is therefore expected to be thermally activated, 
with an activation energy of 4 times the binding energy 
between dislocation and pinning point* The amplitude- 
dependent internal friction is expected to give G.L. 
plots with slopes decreasing with temperature as exp(E/kT).
There is general qualitative agreement between 
experimental results quoted in the literature and the
predictions of* Granato and Liicke's model, but quantitative 
agreement is rather limited.
The results of Caswell (1958), shown in figure 1.1, 
in the form of G.L. plots are typical of many workers1 in 
that curved lines are obtained. Thus it is impossible 
to obtain a value for the interaction energy E from such 
results. However straight line G.L. plots have been 
obtained by Granato and Lilcke(l95(>) using the data of 
Weertman and Salkovitz(1955) for lead single crystals 
containing 0 .058% tin. From the slopes of the G.L. 
plots Granato and Lilcke estimate an interaction energy 
of O.lOeV. This value can be compared with the expected 
binding energy between dislocation and impurity atom 
due to the elastic interaction. Cottrell (1948) 
proposed that the elastic interaction energy E is given
where b is the Burger’s vector, G is the shear modulus 
and Y is Cottrell's misfit parameter, given by,
by,
E = £ b3 G Y 1.27
Y =(l/a) da/dcQ 1.28
where a is the lattice spacing and c the concentrationo
of impurities in the lattice.
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For tin as an impurity in lead the binding energy 
is 0.044 eV from equations 1.27 and 1.28. This value 
is significantly less than the experimental value of 
O.lOeV,
Chambers (1957) obtained straight line G.L. plots, 
from data for aluminium single crystals, over a strain 
amplitude of about two to one. For temperatures below 
200° C the variation of slope gave an interaction energy 
of about 0.12 eV. The type of impurity pinning atoms is
not known, so that it is not possible to calculate the
interaction energy. Other measurements have been made by 
Wert (1949) on zinc and by Kamentsky (1956) on copper.
In general the measured interaction energy is greater 
than that predicted by Cottrell (1948). However, recent 
work of Fleischer (1963) would suggest that the interaction 
energy is indeed greater than predicted by Cottrell. 
Fleischer (1963) has considered the interaction energy 
between solute atom and both edge and screw dislocations, 
taking into account effects of the size of the solute and 
its shear modulus. For the various copper alloy systems
considered by Fleischer, the modulus and size effect give
comparable interaction energies for edge dislocations.
For screw dislocations the modulus effect dominates giving
an interaction energy on average about 3 times that due 
to the size effect* Thus the effective interaction 
energy, determined from internal friction measurements, 
will depend upon the type of dislocations taking part 
in the unpinning process. Fleischer (1963) has shown 
that it is the screw dislocations which are operative at 
the yield point in copper alloys, so that if it is 
assumed that the same type of process occurs at the im«* 
pinning of dislocations during internal friction 
measurements, then the interaction energy is expected to 
be about 4 times that predicted by Cottrell. If this 
analysis is correct it would certainly account for the 
high values of interaction energies measured, but further 
detailed measurements are required. Xn particular, to 
determine the value of the modulus effect requires 
knowledge of dG/dc^, the change of shear modulus with 
solute concentration.
A number of workers have obtained an exponential 
dependence of internal friction with temperature which 
fits the form of equation 1.25* However, as this 
exponential region usually occurs at high temperatures 
where the solute concentration on the dislocations is 
expected to be very small, Granato and Liicke*s model 
is not usually considered to be appropriate. Various 
suggestions have been put forward in the literature as 
to the origin of the thermally activated process, and 
are summarised in table 1 .2 .
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T A B L E  1.2
Summary of work reported in the literature on 
thermally activated amplitude — independent internal 
friction.
REFERENCE Suggested process. Material. Activation 
 ____  _ ____ —  energy( eV )«
Ke (1947, 1950)
Bordoni (1954)
Weertman and
Salkovitz (1955)
Friedel et al (1955)
Birnbaum and Levy
(1956)
Weertman (1957)
Hiki (1958) 
Mason (1958)
Kament sky (1958) 
Beshers (1959)
Cu, Al 0.33, 0.23
jog formation
dislocation 
motion and 
climb.
jog formation
dislocation
unpinning
creation and 
motion of jogs
Pb
Pb
Al
Al
Pb
Cu
Cu, Cu-
Au
0.13-0.19
0.3
1.6
0.56
0.48
0.5 -  2.0 
0 .8, 1.0
Shmatov and Grin 
(1961)
creation of 
vacancies
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Although there is a large amount of scatter 
amongst the results, the measured activation energies 
are in general much larger than the binding energies 
between dislocations and solute atoms. As the experi­
mental value of binding energy, obtained from amplitude- 
dependent measurements, is usually larger than expected 
from Cottrell*s (1948) elastic interaction (equations 
1.27 and 1 .28) by a factor of about 4, the expected
concentration of pinning - points will be increased,
4according to equation 1.23j by a factor of about e 
or 55* Thus it may be valid to consider the dislocations 
as pinned, and that the thermal activation process is due 
to a change in the equilibrium concentration of pinning— 
points. In this case equation 1.25 is appropriate, and 
the binding energy between dislocation and solute atom 
will be a quarter of the activation energy. Thus the 
values quoted in table 1.2 would yield more reasonable 
values for the dislocation - solute binding energy.
These effects are difficult to substantiate due to the 
lack of experimental results in the literature. In 
particular, there is a need for a systematic study, to 
measure both amplitude — independent and amplitude — 
dependent internal friction of the same specimens as a 
function of temperature so as to investigate the
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dislocation « solute binding energy and the thermally 
activated processes.
The increase in thermal energy with increase in 
temperature will aid the dislocation as it attempts 
to breakaway from impurity pinning - points during each 
half cycle of stress. Thus, the breakaway point in the 
internal friction versus amplitude curve will occur at 
lower strain amplitudes than expected from the change in 
equilibrium concentration of pinning points alone. This 
thermal unpinning process will increase the internal 
friction. However the detailed effect is difficult to 
calculate, and has been ignored by Granato and Liicke(195^) „
Thompson and Holmes (1959) have considered the effect 
of thermal unpinning at low temperatures. They assume 
a dislocation string model, after Koehler (1952), 
with an exponential distribution of loop lengths. They 
also assume that the temperature is sufficiently low for 
the concentration of impurity pinning points to be constant, 
but that a change in average loop length occurs due to 
thermal unpinning. This leads to a second power 
dependence of internal friction upon temperature, and a 
linear dependence of modulus defect upon temperature.
Their experimental results are in very good agreement
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■with these predic tions, hu,t no other* workers have reported 
such effects.
According to the model of Weertraan and Salkovitz(l955) 
(see section 1 .2 .5 ) the breakaway strain eQ is expected 
to be thermally activated according to equation 1.14,
t
viz eQ a exp ( E A T )  . . . . .1.14
where E is the binding energy between dislocation and 
solute atom. Weertraan and Salkovitz (1955) determined 
the value of E for a lead - tin alloy as 0.12 eV which 
compares with the value of O.lOeV obtained by Granato 
and Ldcke (1956) from the same data by a G.L. plot,
Weinig and Machlin (1956) obtained experimental values for 
the dislocation - solute binding energy for copper — 
aluminium and copper - silicon alloys as 0.019 eV and 
0.015 eV respectively, from the shift in breakaway strain 
with temperature.
A rather complicated dependence of internal friction 
upon temperature has been observed by Hiki (195&) with 
lead single crystals. The internal friction increased with 
amplitude at temperatures below room temperature, but at 
higher temperatures the internal friction decreased with 
amplitude. No explanation of this effect has been given 
and no comparable experiments have been reported.
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Niblett and Wilks (i960) using polycrystalline 
copper, which had been extended and subsequently 
annealed, found that the amplitude~*dependent internal 
friction increased with temperature up to about 150° K, 
and then decreased with temperature at higher temperatures.
The final effect of temperature to be considered is 
its effect upon the viscous damping constant B in the 
equation of motion of a dislocation (equation 1 .5 ).
There is very little experimental or theoretical 
information as to how this damping constant varies with 
temperature, except for the work of Alers and Thompson 
(1961), They have measured the value of B indirectly 
from measurements of dislocation damping, elastic 
moduli, and dislocation density, of high purity copper.
The dislocation damping was obtained by measuring the 
infernal friction before and after neutron irradiation 
sufficient to suppress dislocation motion* They obtained 
a value for B of 8 x 10 1 sec. cm. ^ at 300° & which 
decreased linearly with decreasing temperature as 
predicted by Leibried (1950).
Section 1 ,3 .8 . The effect of frequency.
There is not very much experimental information 
available concerning the frequency dependence of the
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internal friction and modulus defect.
The model of Granato and LUcke (1956) predicts
that the amplitude - independent internal friction is 
proportional to frequency, except at very high frequencies, 
of the order of 100 Mc/s when the resonance frequency of 
the dislocation loops is reached. A linear dependence 
has been observed by Hiki (1958) in two lead single 
crystals, at their fundamental frequency (64 Kc/s) and 
their third harmonic (192 Kc/s) over a temperature range 
from l40°K to 3°K. A linear dependence has also 
been observed by Hikata and Truell (1957) in aluminium 
at 5 Mc/s and 10 Mc/s, and by Granato and Truell (1956) 
in germanium single crystals from 5 Mc/s to 300 Mc/s.
Other workers have found the amplitude — independent 
internal friction to be independent of frequency or to
vary less rapidly than the first power of the frequency.
These include Nowick (1950) working with copper single 
crystals at their fundamental frequency (39 Kc/s) and 
second harmonic, who obtained scattered results but no 
significant frequency dependence. Takahashi (1956) 
measured polycrystalline copper at room temperature at 
frequencies between 1 and 10 Kc/s and found the internal 
friction to be independent of frequency. Bordoni et al. 
(1959) observed no significant change in internal friction
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of polycrystalline copper between 1.8 Kc/s and 6.5 Mc/s,
The magnitude of the internal friction obtained at a 
frequency of 1 c/s by Weinig and Machlin (1956) in 
polycrystalline copper is of the same order as values 
obtained by other workers in the kilocycle and megacycle 
frequency ranges,
A reverse dependence of internal friction upon 
frequency, has been found by Kamentsky (1956) measuring 
copper single crystals at their fundamental frequency and 
their second and third harmonic, over a temperature 
range from room temperature to 1000°K. The results, 
although rather scattered, indicated that the internal 
friction decreases with increasing frequency less rapidly 
than the reciprocal of frequency. Friedel et al. (1955) 
working with aluminium at extremely low frequencies, also 
found that the internal friction decreased with increasing 
frequency. Alers and Thompson (1961) found an inverse 
relationship between dislocation damping and frequency over 
a frequency range of 6 to 50 Mc/s. The dislocation 
damping was obtained as the difference between the 
internal friction before and after neutron irradiation, 
which completely suppressed dislocation motion.
The amplitude - dependent internal friction is
expected to be independent of frequency, according to 
Granato and Lilcke's (1956) model. Hiki (1958) using 
lead single crystals found that the amplitude dependent 
internal friction was independent of frequency. Nowick 
(1950) measured the internal friction of several copper 
single crystals at 39 Kc/s and 78 Kc/s and obtained 
results which indicate an internal friction independent of 
frequency although the results are rather scattered, 
Kamentsky (1956) measured copper single crystals at 
various harmonics in the kilocycle frequency range and 
obtained results which indicate that the internal 
friction increases with frequency although the results 
are rather scattered. Read (194:0) measured zinc single 
crystals at 38 Kc/s and 76 Kc/s and found an approximate 
inverse frequency dependence.
The general lack of reliable and consistent 
information concerning the frequency dependence of the 
internal friction arises mainly because of the difficulty 
of making measurements over a wide range of frequencies 
without altering the experimental technique and the shape 
and size of the specimen. Even if the same specimen 
is used, if the dislocation distribution is not uniform, 
it becomes difficult to compare results of measurements 
at different frequencies if the strain distribution is not 
the same at each frequency.
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A possible explanation, for the discropency 
between experimental data and the expected dependence 
of internal friction upon frequency, has been put forward 
by Wilks (1959)# Granato and Lilcke^ model for the 
amplitude-independent internal friction does not 
consider the effect of thermal unpinning of the dislocations, 
but Wilks (1959) assumes that the number of thermal 
fluctuations per seoond, sufficient to free a dislocation 
from a given pinning point, will be independent of the 
frequency of the applied stress. Therefore the 
probability of a dislocation being unpinned in a given 
cycle is inversely proportional to the applied frequency. 
Hence the length of the average dislocation loop may 
decrease with frequency so that the 6^ varies less 
rapidly than the first power of frequency. The magnitude 
of this unpinning effect will depend quite critically upon 
the state of the specimen and particularly upon the type 
and concentration of impurities. However, no detailed 
analysis nor experimental results are available.
Alers and Thompson (i960) have detected a peak in 
the dislocation damping at about 20 Mc/s at room temperature 
in a well annealed high purity copper single crystal.
This peak, corresponds to the maximum predicted by 
Granato and Liicke (1956), arising from the heavily 
damped bowing of the dislocation loops at their
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natural resonant frequency.
Section 1.3.9. Miscellaneous effects.
Many workers have reported a larger scatter in the 
values of amplitude-independent internal friction of 
specimens which have been prepared under apparently 
identical conditions* For example Weertman and 
Salkovitz (1955) obtain an order of magnitude difference 
between two specimens of the same crystal orientation 
and solute concentration.
Due to the very structure sensitive nature of 
internal friction there are a number of properties that
are not easily controlled but may affect the value of the
amplitude-independent internal friction. Such properties 
are the condition of the surface of the specimen, the 
dislocation density, the dislocation networks, the low 
angle boundaries, the lineage structure, the crystal
substructures and the crystal orientation.
The effect of dislocation density and crystal 
orientation have been considered theoretically by Granato 
and LtLcke (1956) and discussed in Section 1.2.3.
Surface effects influencing the internal friction 
have been reported by Read and Tyndall (1946) in the case
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of zinc, by Wert (1949) in the case of zinc and 
quartz, by Nowick (195®) in the case of copper and 
by Read and Shapiro (1951) in the case of cadmium. 
Generally it has been found that removing the surface 
layers of the specimen reduces the internal friction. 
However, there is very little work reported in the 
literature on tiese effects, and a systematic study is 
required.
No work has been reported on the effect of the 
other properties mentioned above.
Instabilities in the internal friction have been 
reported by Takahashi (1952) and by Baxter and Wilks(19^2) 
and referred to as 'gasping' or 'breathing*. Generally 
the effect is that there are changes in the vibration 
amplitude of a specimen although the driving voltage is 
held constant. These effects have been explained in 
terms of time dependent effects involving the pinning 
of dislocations. Baker (19&2) has reported a similar 
effect associated with small changes in the modulus 
due to the specimen vibrating.
A number of unstable peaks in the internal friction 
versus temperature curve have been reported. For example
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of zinc, by Wert (1949) in the case of zinc and 
quartz, by Nowick (1950) in the case of copper and 
by Read and Shapiro (1951) in the case of cadmium. 
Generally it has been found that removing the surface 
layers of the specimen reduces the internal friction. 
However, there is very little work reported in the 
literature on tiese effects, and a systematic study is 
required.
No work has been reported on the effect of the 
other properties mentioned above.
Instabilities in the internal friction have been 
reported by Takahashi (1952) and by Baxter and Wilks(19&2) 
and referred to as ’gasping' or 'breathing*. Generally 
the effect is that there are changes in the vibration 
amplitude of a specimen although the driving voltage is 
held constant. These effects have been explained in 
terms of time dependent effects involving the pinning 
of dislocations. Baker (1962) has reported a similar 
effect associated with small changes in the modulus 
due to the specimen vibrating,
A number of unstable peaks in the internal friction 
versus temperature curve have been reported. For example
Birnbaum and Levy (1956) found three peaks in aluminium 
in the temperature range 350° K to 450° K. However, 
on repeating the whole measurement the peaks did not 
appear, thus the heat treatment during the first series 
of measurements was sufficient to anneal out the structure 
responsible for the peaks.
The effect of internal oxidation on the internal 
friction of copper and copper — silicon alloys has been 
reported by Gibbons and O'Hara (i960). In the case of 
high purity copper the internal friction was found to 
fall with internal oxidation which is assumed due to some 
dislocation pinning process. However, in the case of 
the copper - silicon alloy, internal oxidation, which 
produces silica particles, caused an increase in the 
internal friction thought to be due to the growth of new 
dislocations around the silica particles.
Section 1.4« Proposed field of investigation.
Due to the general qualitative agreement found 
in the literature between Granato and Lticke's (1956) 
model and experimental results, but the general lack of 
quantitative agreement, it was decided to carry out 
a detailed investigation into certain aspects of the model, 
as part of the present work. These aspects will be 
considered with reference to the literature and the 
present author1s experimental results, obtained from 
measurements of internal friction on a series of lead and 
lead - indium alloy single crystal specimens.
Section 1,4.1. Amplitude - dependent internal friction.
Prior to Granato and Lilcke*s model, Takahashi (1956) 
suggested the empirical relationship,
viz 6 , = Be a . . . . . . . . .  1.12.h o
to represent the amplitude - dependent internal friction. 
This relationship has subsequently been used by Gelli (1962) 
together with Granato and Liickefs model to form a 
semi-quantitative model. It is proposed to investigate 
the difference between the predictions of the empirical 
equation (1.12) and Granato and Lilcke*s model, particularly 
in the range of values typical of experimental results.
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The significance of curved G.L. plots, frequently 
reported in the literature, will be considered, and the 
conditions under which it is possible to represent data 
by a straight line G.L. plot investigated. This will 
involve various computational methods of estimating the 
best straight line fit. This is particularly important 
as curved G.L. plots can not be used for quantitative 
interpretation.
The temperature dependence of the slopes of G.L. 
plots should enable the binding energy between dislocation 
and pinning point to be measured. It is proposed to 
measure such binding energies for a number of specimens of 
different solute concentrations and of different solute 
element, and compare them with the various theoretical 
values. The experimental value of binding energy will 
also be compared with the activation energy, obtained from 
the temperature dependence of the amplitude - independent 
internal friction, for the same specimens. In this way 
any correlation between the two effects may be seen.
The measured binding energy will also be compared 
with that obtained from Weertman and Salkovitz's (1955) 
model for the thermal activation of the breakaway stnain. 
The difference between Granato and Liicke*s (1956) model
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and Weertman and Salkovits's (1955) model, in respect 
of the predicted values of binding energy, between 
dislocation and pinning point, will be considered in 
detail.
Section 1.4.2. Amplitude — independent internal friction.
Granato and Liicke's (1956) model predicts a fourth 
power dependence of amplitude - independent internal 
friction upon loop length. This effect will be 
investigated experimentally in the following.ways.
The variation of 6^ with temperature is expected 
to give an apparent activation energy at high temperatures. 
The conditions under which this can be associated with the 
change in equilibrium concentration of pinning points will 
be considered. Where appropriate the activation energy 
should enable a value of binding energy between dislocation 
and solute atoms to be measured, which can be compared with 
the experimental values obtained from measurements of
for the same specimen. This is particularly important 
as there is a lack of experimental results in the literature 
which compare values of binding energy determined from 
both amplitude — independent and amplitude — dependent 
internal friction for the same specimen.
- 68
The predictions, of Thompson and Holmes1 (1959) 
thermal unpinning model, that 6 should vary as T2, 
will be investigated. Although this effect is 
expected to predominate at low temperatures, there may 
be a region where both this model and Granato and 
Lticke ’ s (1956) model is appropriate. In this case it is 
proposed to separate the internal friction into two 
components, one proportional to T and an exponential 
component. This may involve the use of computational 
techniques.
Under certain conditions, the average loop length 
is expected to be inversely proportional to the solute 
concentration. Thus a fourth power dependence of 6  ^
upon solute concentration is expected. This dependence 
will be investigated, and should indicate the range of 
solute concentration for which Granato and Liicke1 s (1956) 
model is appropriate. In particular, the concentration 
at which the dislocation damping is suppressed, and the 
concentration at which solute pinning ceases to be the 
controlling factor, will be investigated, and should give 
additional evidence as to the value of the dislocation — 
solute binding energy. These effects will also be 
compared with the experiments of Thompson and Holmes 
(1956) in which the dislocation damping was suppressed
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by neutron irradiation.
Section 1.4.3* Miscellaneous effects.
Wilks (1959) has pointed out that any thermal 
unpinning process will be dependent upon frequency, but 
the breakaway process of Granato and Lticke* s (1956) 
model is not expected to be frequency dependent. It 
is therefore proposed to make some measurements at the 
fundamental frequency and the second harmonic of a 
specimen to see if it is possible to separate these two 
unpinning processes through their frequency dependence.
It has been reported by many workers that the 
amplitude — independent internal friction is not very 
reproducible even amongst apparently identical specimens• 
The origin of these variations will be looked for in 
terms of the perfection of the single crystal specimens ;and 
the state of specimen surface.
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CHAPTER 2 
EXPERIMENTAL METHOD.
The internal friction of lead and lead - alloys, 
in the form of cylindrical specimens approximately 
15 cms. long and 6.8 mm. in diameter has been measured 
as a function of strain amplitude, temperature and alloy 
composition.
The specimens were excited into longitudinal 
resonance at their fundamental frequency and the Q value 
of the system was used as a measure of the internal 
friction of the specimens. An electrostatic method of 
driving the specimens into resonance was used, and the 
resulting vibration detected by a frequency modulation 
technique. The free decay of specimen vibration from 
resonance was used to determine the Q value. The frequency 
of each resonance was recorded, from which any modulus 
effects could be investigated.
An optical method was developed and used to calibrate 
the system in terms of the absolute value of the 
vibration amplitude which could be varied from about 
0.003 microns to 2 microns. This represents a strain
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amplitude range, for the specimens used, of about 
8 x 1(T8 to 3 x 10““5 .
The temperature could be varied over a range of 
—185 C to 300 C , with the specimen in an evacuated 
chamber.
Specimens were prepared from high purity metals 
(99.99?%) and grown into single crystals. The 
composition of each alloy specimen was checked by X—ray 
fluorescent analysis.
Section 2.1. Frequency modulation technique.
The frequency modulation technique for measuring 
small vibration amplitudes of cylindrical rod shaped 
specimens was developed by Bordoni (19^7).
An alternating voltage is applied across the gap 
between a fixed electrode and one end of the specimen.
The electrostatic force thus exerted on the specimen 
can excite it into longitudinal resonance, if the 
appropriate frequency is chosen. The same electrode — 
specimen capacitance also forms part of a high frequency 
oscillator, so that small changes in capacitance, caused 
by the specimen vibrating, modulate the high frequency 
signal. The modulated signal is subsequently demodulated 
to give an output signal equal in frequency to that of the
specimen, and of magnitude dependent upon the vibration 
amplitude. Pursey and Pyatt (1954) and Vernon (1958) 
have introduced modifications to Bordoni*s original 
circuitry.
This frequency modulation technique has certain 
advantages for use in internal friction measurements, that 
make it suitable for the present investigation. The 
electrostatic drive requires no physical contact with 
th^ end face of the specimen and imposes very little 
loading on the specimen. Only one end of the specimen 
need be approached, since the same electrode is used in 
both driving the specimen and detecting the resulting 
vibration. The system does not need a biasing potential, 
therefore the specimen vibrates at twice the frequency of 
the driving voltage. This frequency doubling enables 
any parasitic modulation, at the drive frequency, to be 
filtered out from the detecting signal.
The apparatus, designed and built as part of the 
present work, was based upon the frequency modulation 
technique, but of improved design and involving certain 
novel features that made it particularly suited to the 
present investigation. This was moreover achieved 
using standard electronic units with a minimum of 
modification.
- 73 -
A major disadvantage of* the frequency modulation tech— 
nique is the difficulty of connecting the specimen - 
electrode capacitance to the tuned circuit, without 
introducing so much stray capacitance that the sensitivity 
of the system falls below that required. In the present 
investigation, this problem has been overcome by working 
at the relatively high frequency of 100 Mc/s thus enabling 
a tunable concentric line to be used to couple the 
capacitance into the tuned circuit. The specimen and 
electrode were thus able to be remote from the 100 Mc/s 
oscillator, enabling them to be housed in a vacuum 
chamber. The frequency of 100 Mc/s was also convenient 
as there are suitable commercial radio tuners, referred 
to as f.m. tuners, available.
Section 2.1.1 General electronic arrangement.
Figure 2.1 is a block diagram of the electronic 
units used, A signal generator was modified as shown 
in figure 2 .2 , to form a tuned anode, tuned grid 
oscillator. The frequency of 100 Mc/s allowed the 
grid tuned circuit to be constructed from a short- 
circuited nominal quarter wavelength concentric line.
This line also acted as the shunt element of an isolating
high pass filter, preventing amplitude modulation of
the 100 Mc/s by the drive voltage. As was pointed out by
Konitoring
oscilloscope i r \
Variable cut­
off high 
pass filter
P.M. tuner
Frequency
meter
1OOKc/s 
oscillator
q meter Attenuator
Driving 
oscillator and 
amplifier
voltmeter
Valve
Figure 2.1 Block diagram of the electronic arrangement.
/'©fiT'---   + h .T,From driving 
amplifier<1 C tuned anode load
ss- To f.m. tuner
•Electrode Tunable concentric 
\  \  line
Nominal quarter 
wave/length con­
centric line
Figure 2.2 Details of the TOOFlc/3 oscillator with modifications
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Pursey and Pyatt (1954) the advantages of using a 
concentric line are that it has a higher Q value and gives 
more efficient filtering than a circuit with lumped 
constants,
The specimen - electrode capacitance was coupled 
into the grid circuit via a flexible coaxial cable and 
a tunable concentric line, which was designed and built 
by the author. Telescopic brass tubing was used of 
such sizes that the impedance of the two sections of the 
concentric line were as close to 75 ohms as possible.
This was done to minimise any mismatch between the 
two sections of the concentric line and the polythene 
insulated coaxial cable connecting it to the oscillator. 
Impedance mismatches were avoided as they introduce 
stray capacitance into the line, which cannot be 
eliminated by the tunable line. The constructional 
details of the tunable concentric line are shown in 
figure 2,10 and discussed in section 2.2 .3 *
The tunable line enabled the impedance reflected 
into the grid circuit to be made non reactive which was 
found to give the maximum percentage modulation for a 
given amplitude of vibration. The initial setting up 
procedure and the normal working conditions of the
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oscillator are discussed in section 2.1 .2 .
By using this method of* coupling, the specimen 
was readily mounted in a vacuum chamber remote from 
the oscillator without introducing a prohibitive amount 
of stray capacitance. Further any changes in the 
specimen - electrode capacitance, due to different 
diameter specimens or different working gaps, could be 
readily compensated for, by altering the length of the 
tunable line. This could only otherwise have been 
achieved by introducing trimming capacitances at either 
end of the line, which would have led to a reduction of 
sensitivity.
The frequency modulated 100 Mc/s signal, resulting 
from the changes in specimen — electrode capacitance duo to 
the specimen vibrating, was demodulated by the f.m. tuner 
and then passed through a variable cut — off high pass 
filter. The signal was then monitored by a valve 
voltmeter and displayed on an oscilloscope as a 
Lissajous* figure, using the drive voltage as the 
X deflection. The signal was also fed to a Q meter.
If A were the vibration amplitude of the specimen, 
o
and V the output voltage (r.ra.s.) of the high pass 
filter as measured by the valve voltmeter, then
V = SA . . .  * ..................2.1o
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where 5 is the sensitivity of the system. The value 
of S has heen measured over a wide range of vibration 
amplitudes, for each working gap, using an absolute 
optical method of calibration. The linearity of the 
whole system has also been checked over a greater range 
of vibration amplitudes than covered by the optical 
calibration, by measuring the output voltage as a 
function of the drive voltage. Details of these two 
methods of calibration are given in section 2 .4.1 and 
section 2.4.2. An estimate of the value of S, calculated 
from the various parameters involved, is given in 
section 2.4.3*
The drive voltage was generated by a high stability 
oscillator and amplified to give an output voltage of up 
to 750 volts (r.m.s.), using an amplifier designed and 
built by the author.
The drive voltage was fed to the specimen via a 
high frequency choke, and via the tunable line. The 
choke offered a very high impedance to the 100 Mc/s 
signal, thereby isolating it from the drive oscillator
and amplifier.
The frequency of the drive voltage was measured with 
a frequency meter, built by the author from decade 
scaling units.
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Section 2.1.2. Setting up procedure and normal
operating conditions for 100 Mc/s 
oscillator.
The oscillator was initially set up with the 
tunable line disconnected. It was found necessary to 
have the tuned concentric line in the grid circuit less 
than a quarter wavelength long. This is because a 
tuned anode tuned grid oscillator operates at a 
frequency at which both circuits are inductive, (see 
Terman 1947) and also because any stray capacitance 
reduces the frequency. Oscillation was detected with 
the output meter of the signal generator, and an 
absorption wave meter was used to measure the frequency. 
The tuned circuits were adjusted until oscillation 
occurred within the frequency range of the f.m. tuner.
The electrode assembly was then connected into the grid 
circuit via the tunable line, which was adjusted until 
the frequency of oscillation returned to its original 
value. This represented the condition in which the 
impedance, reflected into the grid circuit, was of 
zero reactance. The tuned circuits were then finally 
adjusted to their optimum work point, where the percentage 
modulation was greatest, keeping the frequency constant.
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Once the initial setting up procedure had been 
carried out, the only adjustments that had to be made 
were to keep the specimen — electrode gap constant.
This was achieved by rotating the concentric line 
attached to the electrode assembly, which advanced or 
retracted the electrode. The details of* construction 
are in section 2.2.2. The very selective tuning 
indicator of the f.m. tuner was used to show when the 
frequency had returned to its original value, thus 
enabling the gap to be held constant.
Because the f.m. tuner was used in this way to maintain 
a constant specimen - electrode gap, the operating 
frequency of the f.m. tuner was frequently checked, and 
adjusted as necessary. The frequency check was as follows, 
the tunable concentric line and electrode assembly were 
disconnected from the 100 Mc/s oscillator and replaced 
by a fixed length of coaxial cable of such a length 
that it acted as a tuned line and brought the oscillator 
back to its normal working frequency. The f.m. tuner 
was then adjusted accordingly. Thus the 100 Mc/s 
oscillator together with its fixed length of coaxial 
cable acted as a frequency standard.
When a specimen was replaced, the end face was
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aligned parallel to the electrode, as discussed in 
Section 2.2.2., and then the gap was adjusted to its 
normal working value by the above method. If a 
different working gap were used, the tunable line was 
adjusted to bring the oscillator back to its original 
frequency, and then the electrode adjusted as necessary, 
to keep the gap constant, in the same was as described 
above.
Section 2.1.3» Details of detection and measuring system.
The frequency modulated 100 Mc/s signal was fed 
to an f.m. timer which gave an output of 0.8 volts (r.m.s.) 
for a frequency modulation of + 19 Kc/s. with a noise
level of about 1/4 mV.
The output signal from the f.m, tuner was passed
through a variable cut - off high pass filter. The
attenuation varied from 0 db at f to about 60 db atc
f /2 where f represents the cut-off frequency, which
G C
could be varied in 10 steps from 440 c/s to 16,800 c/s.
The output signal from the filter was measured by 
a valve voltmeter and monitored with an oscilloscope by 
forming a Lissajous1 figure using the drive voltage 
as the X deflection.
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The signal was also fed to a Q meter which 
recorded the number of cycles of the signal with 
amplitude between two fixed levels. Thus, if an 
exponentially decaying signal were fed in, the number 
of cycles recorded was a simple function of the 
exponential factor or logarithmic decrement 6•
Consider a signal, as illustrated in figure 2.3i 
of the form,
A =s exp (—5N )Sin 2tcN « • • • •  2.2
where A is the amplitude and N the number of cycles.
t
Xf there are N cycles between the amplitudes A^ and 
A0, then from the usual definition of logarithmic
decrement,
6 = In U g / A p  /Cj'.......... 2.3
The logarithmic decrement 6 is connected to the Q value 
by equation 1.3
via Q = % / b m . • • * . • • • •  3-*3
Hence combining equations 2,3 and 1.3*
Q = ft N In (A^/A^) .............  2.4
The amplitude levels had been chosen by the 
manufacturer of the Q meter, so that,
A1 / a2 = 1.862 .........  2.5
Instant of oscillator cut-off
Tf
N cycles
Figure 2.3 Exponentially decoying signal fed to Q noter.
Gate Input
unit
Drive frequency
100c/a froa
standard
oscillator
unit4 decade scaling unit3
scude scaling units
Figure 2.4 Block diagrau of frequoncy noter.
Output
Input fros 
oscillator Kcnitored output
.y operated relay
Figure 2.5 Circuit dia^ua of high voltage amplifier.
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therefore, % In (A /A ) = 5 ................ 2.6
1
hence, Q = 5N ...........................2.7
Thus to measure the Q value of a specimen, the
specimen was first set into longitudinal resonance by
adjusting the frequency of the drive oscillator. The
amplitude of the output signal was then attenuated until
it was just slightly greater than A^, then the drive
voltage was cut off so that the output signal decayed.
»
The number of cycles N of the signal with amplitude 
between A^ and A^ were recorded by the Q meter and 
hence the Q value determined by equation 2,7* The 
internal friction was then expressed as 1/Q.
The frequency of the drive voltage was measured with 
a frequency meter, constructed from decade scaling 
units by the author. Figure 2.4 is a block diagram 
of the frequency meter, in which the number of cycles 
of the unknown frequency, in a known period of time, 
were recorded. A 100 c/s signal from a frequency 
standard was fed into an input unit, which amplified 
and converted the signal into one pulse every cycle, 
having a fast rise time. Thus output pulses could be 
taken from the appropriate decade unit every 1, 10 or 
100 seconds or any multiple of these periods. These
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pulses we.ro fed to a gate unit which controlled another 
series of decade scaling units, opening and closing the 
"gate11, so that the number of cycles of the drive signal 
in the known period were recorded.
Section 2.1,4, Details of drive system.
The drive voltage, used to excite the specimen into 
resonance, was generated by an oscillator, with a 
frequency stable to within 0,005% of a given value over 
a period of about 100 secs., and amplified to give an 
output of about 750 volts (r.m.s.) The amplifier was 
designed and built by the author for use in conjunction 
with the rest of the electronic equipment. Because 
of the requirements of the electrostatic drive system 
the amplifier, illustrated in figure 2.5» was designed 
to give a high voltage signal at low power levels.
The problem was to obtain a high voltage output which 
could be fed to the electrode, via the concentric 
line, without a great loss of power. This was overcome 
by designing a tuned anode amplifier in which the 
concentric line, which acted capacitively at the drive 
frequency, formed part of the tuned circuit. Further, 
this low power amplifier depended upon the use of a 
valve recently introduced for high voltage stabilising
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circuits. The valve had a typical working point of 
2,000 volts high tension, -20 volts grid bias and an 
anode current of only 1 mA .
The coils were wound on 'Vinkor*high Q cores and 
a high voltage working, air spaced variable capacitor 
(45 pF ■" 1500 pF) was used.
The output of the amplifier could be cut off, when 
measuring the Q value of a specimen, by driving the grid 
voltage down to -150 volts. This was achieved through 
the action of a remotely operated relay.
The output voltage from the amplifier was fed to the 
electrode via a high frequency choke and the concentric 
line. The choke offered a high impedance to the 
100 Mc/s signal but a low impedance to the drive signal, 
thus isolating the 100 Mc/s oscillator from the drive 
amplifier.
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Section 2.2. Details of apparatus.
The general view of the apparatus is shown in 
figure 2.6. The vacuum chamber can be seen, surrounded 
by a straight sided metal dewar vessel, and connected 
to the 100 Mc/s oscillator by the tunable concentric 
line and a flexible coaxial cable.
Section 2.2.1. The vacuum chamber.
The vacuum chamber, illustrated in figure 2.7 was 
designed by the author. Use was made of the large 
difference in thermal conductivity of stainless steel 
and copper in the design, so that stainless steel tubing 
was used where a steep temperature gradient was required 
and copper tubing where a small temperature gradient was 
required. The double walled construction enabled the 
specimen to be nearly thermally isolated. The lower 
section of the inner tube was made of thick gauge copper, 
thus minimising any temperature gradients over the region 
occupied by the specimen. The thin walled stainless 
steel tubing, connecting the double walled section to the 
cover plate, enabled the temperature of the coverplate 
to remain close to room temperature.
Figure 2.6 General view of apparatus.
r* f ' r  
« = »  C.i> « 3 ’
Coazial line
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To vacuum pimp
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Figure 2,7 Diagram of the vacuum chamber.
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The coverplate was sealed by an *0’ ring and bolted 
into place* A rotary seal was formed between the 
outside of the brass tube, which formed the outer 
conductor of the tunable concentric line, and the cover-* 
plate using an '0* ring clamped down by a small annular 
disc. The main vacuum connections were through 
demountable unions, which allowed the coverplate, 
together with the tunable concentric line, electrode 
assembly, specimen holder and specimen, to be removed 
easily* An electric heater was made by winding nickel— 
chromium alloy resistance tape into a helix about an 
asbestos insulated copper tube. The complete winding was 
encased in a coating of high temperature cement and the 
electrical connections made to both ends of the winding 
with nickel wire, insulated by glass fibre sleeving.
The heater was positioned at the bottom of the inner tube 
of the vacuum chamber and the electrical connections 
taken through the cover plate via a multiple glass—metal 
seal.
A multiple glass—metal seal consisting of eight small 
insulated metal tubes leading into the vacuum system, 
was used to enable eight thermocouple wires to pass through 
the coverplate without any additional metal junctions.
The thermocouple wires were sealed to the small metal 
tubes with soft solder.
Section 2.2.2.The Specimen holder.
The specimen holder made of brass, and shown in 
figures 2.8 and 2.9? is essentially a framework in which 
the specimen can be mounted, and which is connected to 
the lower end of the concentric line (5). To allow 
flexibility in its use and ease of modification, a simple 
design was used, with three vertical rods (1) of 
rectangular section, held together as a frame by circular 
discs (2). At the upper end a collar (3 ) was clamped 
by two discs and carried an internal screw thread, of 
40 turns per inch. Into this collar was screwed the 
concentric line which was attached to the electrode (4)# 
Kence the position of the electrode could easily be 
adjusted by rotating the concentric line. The electrode 
was electrically connected to the central conductor of 
the concentric line, and secured to the outer conductor 
by an insulating disc of *sindanyo1 (6), in which three 
holes had been drilled to allow for the evacuation of 
the lower section of the concentric line.
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Figure 2.8 Specimen holder.
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The specimen (8) was held by a suspension system (9) 
which was clamped into a collar (7) which was spring 
mounted to the main body of the holder by three screws.
The end face of the specimen was thus able to be aligned 
with the electrode by means of the three screws, with 
the aid of a light source to illuminate the gap.
Because of the importance of the way in which the 
specimen is attached to its surroundings, different 
suspension systems were designed and tested by the author. 
They were all interchangeable, and used the same method of 
alignment as discussed above. The various suspension 
systems are fully discussed in section 2.3.
Thermo-couples were embedded into the specimen holder 
at points A, B and C in addition to the thermocouple that
was attached to the specimen. The use of the thermo­
couples is discussed in section 3-5*
Section 2.2.3. The tunable concentric line.
The tunable concentric line, illustrated in 
figure 2.10, was designed and built by the author„ 
Precision quality brass telescopic tubing was used of 
such sizes that the impedances of the two sections of the 
line were as close to 75 ohms as possible. This was to
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minimise any mismatch between the two sections and 
the flexible coaxial cable that joined the tunable line 
to the 100 Mc/s oscillator.
A change in length of the concentric line was 
achieved by sliding the two sets of telescopic tubes 
in and out of each other. The ends of the tubes were 
slightly flared out to ensure good electrical contact 
between them. The tubes were maintained in coaxial 
alignment by thin bushes made of polytetrafluroethylene 
(P.T.F.E.). Each bush formed a tight fit with one tube 
only, so that it slid with that tube keeping it concentric 
with the others.
The glass - metal seal was used as a vacuum tight 
anchorage point between inner and outer tubes. Various 
attempts were made to form a vacuum seal between the two 
tubes close to the electrode, but were unsuccessful due 
to the large range of temperature that had to be endured 
(-185°C to 300°C). The problem was overcome by fixing 
the glass—metal seal at a point in the tubes where the 
range of temperature was small.
Section 2.3. Specimen suspension systems.
When a specimen is in resonance, no part of its 
surface is stationary, thus as there must be some 
contact with the specimen, energy will be absorbed through 
the contact. Energy can also be lost from the specimen 
through the residual air left in the vacuum chamber.
These losses of energy give rise to the background damping 
of the system which is equal to the apparent internal 
friction of an idealised specimen with zero internal 
friction. In order to measure the true internal friction 
of a specimen the background damping must be made much 
less than that of the specimen.
Niblett and Wilks (19!?0) in reviewing the literature 
came to the conclusion that many workers have not taken 
enough care to avoid high background damping, thus making 
their results unreliable.
We need consider only the background damping caused 
by the suspension system, as Bordoni (1947) has shown 
that provided the pressure surrounding the specimen is 
less than about 10 microns, then the damping due to the 
residual air is negligible.
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Bordoni (1947) pointed out the importance of the 
method of suspension used, and calculated the maximum 
background damping of two simple suspension systems. 
Similar calculations have been carried out in section 
2#3#5i for the various suspension systems used, 
and compared with the experimentally determined back­
ground damping.
To minimise the background damping, contact is 
best made at points on the surface of the specimen where 
the velocity of movement is a minimum, and in such a 
way that the forced vibration of the suspension system 
is of a transverse mode. This is because, for a given 
amplitude and frequency of vibration, the energy 
density of a transverse wave is much smaller than that of 
a longitudinal or a shear wave. Bearing this fact in 
mind, various methods of suspension have been designed, 
built and tested by the author and compared with the
—1calculated background damping, expressed in terms of Q • 
Section 2.3.1* Suspension system A.
During preliminary experiments, in setting up the 
apparatus, a simple three pin suspension system was 
built and is illustrated in figures 2.11 and 2.15.
Each pin was pressed against the specimen by a screw,
97 O
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and the lateral position of* each pin could be adjusted 
slightly by two smaller screws at right angles to the 
pin.
This rigid system was found to be very convenient 
when using a dummy brass specimen for the optical 
calibration of the whole system.
The calculated value of maximum background damping
was found to be about 2,5 x 10  ^ and the experimentally
•-6estimated background damping was 1.6 x 10 .
The suspension system A was totally unsuitable 
for use with lead and lead rich alloys due to the 
softness of the metal which allowed the pins to become 
embedded in the specimens.
Section 2.3»2. Suspension system B.
Suspension system B, shown schematically in 
figure 2 .12, and illustrated in figure 2.15i was designed 
so that the specimen was held between two knife edges (l). 
The knife edges were pressed against the specimen by 
cantilever springs (2 ), so that if the point of contact 
coincided with the node!, the movement of the springs 
was transverse. Unfortunately it was found that one pair
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of knife edges did not prevent the specimen from twisting 
about an axis through the points of contact. The 
introduction of a second pair of knife edges perpendicular 
to the first pair succeeded in stabilising the position 
of the specimen, but resulted in a large increase in the 
background damping. This was because both pairs of 
knife edges could not be in contact with the specimen 
at its node.
The suspension system B was calculated to give a 
maximum background damping of 3,2 x 10 , compared with
the experimentally estimated value of 1.3 x 10 . This 
was considered to be too high a value to be useful in the 
present work.
Section 2.3.3. Suspension system C „
The suspension system C is illustrated in figures 
2.13 and 2.15. The specimen was held vertically by 
the friction between the specimen and the tangential wires.
The wires of 36 gauge nickel wire were tensioned 
by small coil springs . Each spring was anchored
by a nut and bolt which enabled the tension to be adjusted. 
Two sets of wires were found to be necessary to prevent 
the specimen twisting out of a vertical position.
" 100
Figure 2,
Wires under tension
13 Schematic diagram of suspension system C.
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Figure 2,14- Schematic diagram of suspension system D.
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This suspension system has proved invaluable for
use with specimens of* soft materials such as lead and lead
alloys, as it does not damage them. Moreover, the
maximum background damping of this system was calculated to
—6be about 3*^ x 10 and has been shown to be less than 
2.5 x 10 . For these reasons this system was used
for the measurements reported in chapter 3.
An additional advantage of system C was that one pair 
of suspension wires was replaced by a copper and a 
constantan wire which were insulated from the brass support 
tube by glass fibre sleeving. The copper and constanton 
wires in contact with the specimen formed a thermocouple. 
Provided there was no temperature difference between the 
two points of contact then the thermo e.m.f, generated 
was a true indication of the temperature of the specimen 
at that point. This method of temperature measurement 
will be further discussed in section 2.5*2.
The only major disadvantage of system C was that 
the specimen was not held rigidly. Thus vibration 
of the vacuum chamber led to a noisy signal. This was 
overcome by suspending the vacuum chamber from the ceiling 
of the laboratory by three long soft springs which can be 
seen in figure 2.6. By making the period of oscillation
102 -
of* ‘the suspended vacuum chamber as long as possible 
(about one second) it was possible to decouple the whole 
system from the building vibration and noise*
Section 2.3.4. Suspension system D.
System D was developed to overcome the disadvantages
of a non rigid system yet to give a low background
damping. The system is illustrated in figures 2.14 and
2,15* It is considered to have achieved the above aims
giving a rigid suspension, but with a maximum background
- ■« ^
damping calculated to be about 6,5 x 10 and experimentally 
determined to be about 1,6 x 10*"^ . This system was 
however developed at the latter end of the research 
programme currently reported, so that it has not yet 
had extensive use.
The suspension system was constructed with three 
cantilever springs each carrying a knife edge in the same 
plane. Thus there were thr6e points of contact on the 
specimen which held it rigidly. All three points of 
contact lay in the same plane which coincided with the 
central displacement node.
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Figure 2.15 Photograph of the four suspension systems used,.
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Section 2.3*5* Calculation of maximum background damping
due to the method of specimen suspension.
The movement of the point of contact causes forced 
vibration of the suspension which can be resolved in two 
directions at right angles. Thus the components of 
velocity of the point of contact say and U^, where
is parallel to the specimen axis, are associated with 
two sets of waves travelling with velocities say C_ and
JL
4-C . Longitudinal waves have a velocity of (M/d)2 and
A 1
transverse waves a velocity of (211 fk)2 (M/d) 7T , where 
M is Young*s modulus, d the density, f the frequency of 
vibration and k the radius of gyration of the cross 
sectional area of the suspension, about an axis in the 
neutral surface and at right angles to the direction of 
wave propagation.
If the energy taken from the specimen every cycle
by the two sets of elastic waves is &W, then,
6W = &W + &W2  .......... 2.8
2 f * ,
where, ^ 1  " ^ £ Cj d A /f . . . . . .  2.9
and d A / f ..............2.10
where d* is the density of the suspension of cross
t
sectional area A .
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The total energy W of the vibrating specimen
at its fundamental frequency is given by,
w = Uo2 d A I. / 4 .................. 2.11
where U is the maximum velocity of the end face of the o
specimen and Z. the length of the specimen. As the 
velocity of longitudinal waves in the specimen is 
related to the length of the specimen such that,
C £ = 2 l f .................   2.12
then V7 = Uq2 C£ d A / 8 f ........... 2.13
Hence the background damping is given by,
Q’"1=&/n: = 6¥/2¥% = MU^CTd'AVlJ.^C (i'a* )/U 2C „dA%X/. j. t 2 ox/.'
. . 2.14
Suspension system A.
The specimen is held by three pins at right angles 
to the axis of the specimen at the central displacement 
node. The components of velocity of the point of 
contact are,
U, = U (2rv/i.) and U , = o . . 2.15t o  X.
where V is Poisson’s ratio and r the radius of the
specimen. Hence longitudinal waves travel from the
point of contact through the pin to the main body of the
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specimen holder*. The maximum background damping is 
obtained by assuming that all the elastic energy transferred 
to the suspension will be absorbed. Hence by combining 
equations 2,14 and 2.15, the maximum background damping 
is given
Q = 16 r V Cgd A / % C £ £ d A ........... 2.16
Substituting the numerical values in equation 2,16 
gives a background damping of about 2.5 x 10”"^. This 
value is only approximate since the area of contact 
between pin and specimen is difficult to estimate.
Suspension system 3.
—~ "i —  — -| 1   - i -   - m i    — irr  1 
The specimen is held by two pairs of cantilevers 
positioned on either side of the central node. If the 
point of contact is distance x from the central node 
then its components of velocity are,
U. = U Sin (xTu/i.) and U = U {2rV/i.)Cos(xTt/i.)Jo. o t o
. . 2.17
Combining equation 2.14 and 2.17 and substituting
numerical values leads to a maximum background damping
-4of about 3.2 x 10 . This relatively high value of
background damping occurs because the suspension is not
at the central displacement node and so
u/ »  ut2.
Suspension system C,
The specimen is held by fine wires tangential
to the specimen, on either side of the central node.
The components of the velocity of the point of contact
are given by equation 2.17. Combining equations 2.14
and 2.17 and substituting numerical values leads to a
-6maximum background damping of about 3*4 x 10 . This
value is considerably less than the value for system B, 
because the suspension wire had a much smaller cross 
sectional area and radius of gyration than the cantilever
Suspension system D.
The specimen is held by three cantilevers in contact
with the specimen at its central node. The components o
the velocity of the point contact are given by equation
2.15, and the maximum background damping is given by
equation 2.16. Thus substituting numerical values into
equation 2.16 leads to a maximum background damping of 
-6about 6.5 x 10 . This value is considerably less than
the value for system B, because the cantilevers are in 
contact with the specimen at the displacement node so tha
The values of maximum background damping calculated 
above are larger than the values estimated experimentally. 
This is because not all of the elastic energy transferred 
to the suspension is lost, as is assumed in 
the calculations.
Section 2.4. Calibration of the complete system.
There is a general lack of reliability in the 
values of specimen vibration amplitude quoted in the 
literature. This has been pointed out by Niblett and 
Wilks (i960) and it leads to difficulty in the 
quantitative comparison of results. The unreliability 
arises from the difficulty of determining the sensitivity 
S of an electronic system, defined by equation 2.1,
vizi V = SA . . . . . . . . . . . .  2.1o
where a vibration amplitude A^ produces an output 
signal V (r.m.s.). The sensitivity can be deduced 
from the various parameters involved, but uncertainty in 
their values leads to an unreliable value of sensitivity.
Previously no direct method of measuring the 
sensitivity of an electronic system used for internal 
friction measurements has been quoted in the literature.
The method to be described was devised by the author and 
gives a direct determination of the absolute value of 
vibration amplitude, by use of an interferometric technique. 
Although the interferometric technique could be used only 
over a limited vibration amplitude range of about 
0.1 microns to 1 micron, the linearity of the whole
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system was checked over a vibration amplitude range of 
about 0.003 microns to 2 microns, by measuring the output 
voltage as a function of drive voltage for a specimen of 
constant Q value.
Section 2.4.1. Optical calibration.
The optical arrangement used in the calibration of 
the system is shown schematically in figure 2.16. A 
thin microscope coverslip was roughened on©side with 
carborundum powder and painted matt black. This cover­
slip was then cemented onto the lower end of a specimen, 
with the blackened side against the specimen to avoid 
reflection from the back surface. An interference 
pattern was then formed between the coverslip and a fixed 
plano-convex lens, the plane surface of which was cut 
at an oblique angle to the symmetry axis to avoid unwanted 
reflections. The lens was mounted into a brass collar 
which was attached to a tube as shown in figure 2.17.
The three spring loaded screws enable the lens to be 
adjusted so that the fringe pattern formed centrally.
The tube carrying the lens was mounted into the lower 
brass disc of the specimen holder indicated as 10 in 
figure 2.9. A special vacuum chamber was built which 
was used in place of the standard vacuum chamber,but which
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Figure 2.16 Schematic diagram of  the opticGi arrangem ent used in the ca lib ra tio n .
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Figure 2.17 Lens mounting tube.
had a window cut into the bottom plate, sealed by a 
glass prism fitting against an ’O' ring„ Thus the 
interference pattern could be viewed from outside the 
vacuum in a horizontal direction, with the aid of a 
telescope.
With this double ended system the specimen could 
be set into resonance, and the output signal noted 
as usual, together with any changes in the interference 
pattern.
Smith (19^5) has shown that the visibility of such 
a fringe system will pass through a succession of zeros 
at critical amplitudes of vibration. These amplitudes 
occur when,
J (4ltA0 A) = 0 .................. 2.18o
where J is the Bessel function of zero order, A is o o
the vibration amplitude and X is the wavelength of the 
light.
Thus the output signal corresponding to these 
critical amplitudes of vibration was noted and two 
calibration curves drawn in figure 2.18 for the 
different working gaps used. The calibration was 
carried out for the first 10 critical amplitudes of
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Figure 2.19 Output voltage versus drive voltage (r.n.s. values).
vibration, representing an amplitude range of about 
0.11 microns to 1.4 microns. The sensitivity can be 
seen to be constant within the 2% experimental error of 
measuring the output voltage. The disappearance of 
the fringe system at the critical amplitude of vibration 
was very sharp, so that the change in the output signal 
on resetting to a critical disappearance was less than 
the error in reading the output voltage.
The sensitivity of the system was thus found to be 
435 volts /ra.m. and 235 volts/m.m* corresponding to the 
two specimen - electrode gaps used, The higher 
sensitivity compares with the value of about 325 volts/ra.m, 
calculated from the various parameters involved. This 
calculation is carried out in section 2.4*3*
The importance of having an independent method of 
determining the sensitivity of the electronic system is 
evident from the results quoted above, particularly as 
the reliability of the estimated value of sensitivity is 
not known.
Section 2.4»2. Linearity check.
The optical calibration discussed above in section 2.4. 
covered a vibration amplitude range of about 0,1 micron to
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1 micron, which corresponded to an output signal in 
the range of about 50 rciV to 500 mV, However, the 
equipment was used over a wider amplitude range 
represented by an output signal between 2 mV and 600 mV.
The linearity of* the system was checked in the following 
way.
The output voltage V was measured as a function of
the drive voltage V^, over the complete working range
for both specimen - electrode gaps commonly used. Using
—1a brass specimen, which had a constant Q value, it was
2found that V was proportional to , as shown in figure 
2.19.
The force on the specimen due to the electrostatic
2
field is proportional to and thus the vibration
2
amplitude is also proportional to . Hence in a
linear system, with a constant sensitivity the output
2
voltage V is proportional to . This dependence of 
V upon V d has been substantiated in the present investi­
gation, hence it is assumed that the electronic system 
was linear over its whole range,
Section 2.4.3. Estimated value of sensitivity.
It has been shown in Section 2.^.2. that the 
electronic system is linear, thus the fractional modulation
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of the 100 T'jC /s signal is proportional to the amplitude 
of vibration. This can be expressed as,
6f/f = kx 6x/2x .  ...............2.19.
where x is the specimen - electrode gap and the
modulation efficiency. For an ideal system where the 
specimen - electrode gap forms the total capacitance in 
the tuned circuit then k^ is equal to one. Thus k^ is
less than one and its value depends upon the stray
capacitance in the circuit and the type of oscillator. 
The modulated signal is demodulated to give an output 
voltage V, so that,
V = k2 6 f ...............  2.20.
where k is the slope of the discriminator in the f.m. 
tuner. Combining equations 2.19 and 2.20 the following 
is obtained,
V s kx k2 f 6x/2X . . . 2.21.
Comparing equations 2.1 and 2.21 and substituting Aq
for 6x, it can be seen that the sensitivity is given by,
S = k. kn f / 2 x ..... 2.22
The value of k_ can best be estimated by measuring 1
a small change in oscillator frequency due to a small 
change in the specimen — electrode gap. This has been
- 118 -
—  2done and gave a value of about 3*1 x 10 . The value
of kg measured by the manufacturers of the f.m. tuner 
is 42 raV/Kx/s, the working gap was about 0.2 m «.m. and the 
oscillator frequency about 100 Mc/s. Substituting these 
values into equation 2*22 leads to an estimated value for 
S of 325 volts/m.m., compared with the calibrated value 
of 435 volts/m.m.
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Section 2.3 « Temperature measurement^
The temperature of the specimen holder and specimen 
was measured with four copper constantan thermocouples, 
each with a cold junction in melting ice* The e.m.f. 
of each thermocouple was measured with a potentiometer 
and recorded by a 6—channel potentiometrie recorder.
The thermocouple wires were led into the vacuum chamber 
via a multiple giass-metal seal with tubular 1 lead throughs1 
which enabled the wires to pass through uninterrupted, but 
sealed in place with soft solder.
Section 2.5.1. Temperature measurement of specimen holder.
Three thermocouple wires were embedded in the brass 
frame of the specimen holder at points A, B and C as 
shown in figure 2,9. The couples were made from 
enamelled 30 gauge wire with additional insulation of 
gl ass fibre sleeving near the specimen holder, as the 
enamel deteriorated at temperatures above about 250° C ,
Section 2.5.2. Temperature measurement of specimen.
The temperature of the specimen was measured 
directly with a thermocouple formed by one pair of the 
wires which were part of the specimen suspension system C. 
The construction of the suspension system is illustrated
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in figure 2.13 and shown in figure 2.15. The upper 
pair of wires were replaced by copper and constantan 
wire of 3^ gauge insulated from the brass tube with glass 
fibre sleeving. The 36 gauge wire was then attached to 
30 gauge wire which led out of the vacuum chamber
together with the other thermocouples,
Provided that the temperature of the two points 
of contact between wire and specimen were the same, 
then the thermo e.m.f. would indicate the true temperature 
of the specimen in that region. This proviso was 
accepted as, due to the symmetry of the vacuum chamber 
and specimen holder, any temperature gradient in the 
specimen would be along its length rather than across its 
diameter.
By use of this method, whereby a thermocouple was 
directly attached to the specimen, uncertainty in the 
specimen temperature was avoided. The alternative method 
of estimating the specimen temperature from the temperature
of the holder leads to large uncertainties, due to large
temperature gradients that can easily occur under 
vacuum conditions.
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Section 2,5-3. Calibration of
accuracy of temperature measurement
The thermocouples were calibrated at the following 
fixed points, the boiling points of oxygen and water and 
the melting point of lead, with the cold junctions in 
melting ice, and found to agree with the published data 
(N„B.S. Circular 508) to within 1%.
The potentiometer used measured to an accuracy of 
5yuV, so that the measuring error was less than the 
calibration error except when the potential fell below 
0.5 mV in the temperature range of «l4°C to 13°C, Thus 
the maximum error in temperature measurement was 3°C at
To investigate possible temperature gradients along 
the specimen, a thermocouple was attached to each end cf 
the specimen, similar in design to the one centrally 
placed which formed part of the suspension system C .
The apparatus was taken through a normal temperature 
cycle, as used when recording the internal friction as a 
function of temperature. The e.m.f. of each thermocouple
300° C
Section 2.5 Measurement of temperature gradient along
the specimen
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was recorded and the temperature gradient along the 
specimen under both steady state conditions and under 
dynamic conditions calculated.
Under steady state conditions, as during an internal 
friction measurement, all three thermocouples registered 
within 1% of each other. The maximum temperature 
difference being 1°C at 300°U which resulted in a temperature 
gradient of 0,065°C/cm.
The reason for the small temperature gradient 
under steady state conditions, lies in the fact that 
the specimen was virtually thermally isolated from its 
surroundings except for radiation. As the temperature 
of the specimen was close to that of the specimen holder 
the heat flow was small and hence the temperature gradient 
small.
Section 2.5.5« Temperature control.
Due to the large thermal inertia of the apparatus 
elevated temperatures were held under steady state 
conditions. Under such conditions a typical temperature 
fluctuation was about 1°C/hour at 300° C .
An initial calibration was carried out, measuring the
- 123
steady state temperature and the heating current. To 
facilitate rapid changes of temperature high heating 
currents were initially used which were then switched 
down to steady state values as the required temperature 
was approached. This was achieved automatically using 
a resistance thermometer and bridge circuit which 
controlled the heating current.
The circuit diagram of the bridge circuit and 
controller is shown in figure 2.20 which is based upon 
a commercially available temperature controller. An 
extra amplification stage has been added and the bridge 
voltage reduced, thus reducing the self heating effect, 
which is particularly important in vacuum conditions.
Below room temperature the apparatus was cooled 
with liquid air surrounding the vacuum chamber. Use 
was made of helium as a thermal exchange gas and the 
temperature was held approximately steady by pumping 
out the exchange gas to thermally isolate the specimen. 
Under these conditions the maximum rate of change of 
temperature was about 5°0/hour.
Both above and below room temperature the stability 
of temperature was found satisfactory for internal 
friction measurements.
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Section 2.6. Accuracy of the experimental method,
The accuracy of the experimental method will be
considered in terms of the accuracy with which strain
** 1amplitude, frequency and Q. value were measured.
Due to the mode of operation of the Q meter, which 
effectively measures the average Q value over a strain 
amplitude range of about two to one, if the Q value 
were a function of strain amplitude then the true value 
of Q would not be recorded. The size of this 
discrepancy will be considered in section 2.6.4.
Section 2.6,1. Accuracy of strain amplitude measurement.
The value of strain amplitude can be obtained from 
equations 2.1 and 2.23 for the case of a specimen in 
longitudinal resonance at its fundamental frequency.
viz V =: SA . . . . . . . . . . . .  2.1o
and e. = Jt A /I. ,  .............  2.23o o
where S is the sensitivity of the system connecting
maximum vibration amplitude A and output voltage V ,o
and where e is the maximum strain amplitude and I. o
the length of the specimen. The accuracy with which
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could be measured "thus depended upon the accuracy 
of measurement of S,V and I. The determination of S 
and V limited the accuracy of Q , as Z. could be measured 
with an error much less than \%.
Although S could be measured very accurately by the 
optical calibration technique (section 2.4,1), its value 
was in practice determined by the precision with which 
the specimen — electrode gap could be held constant.
The specimen - electrode gap was adjusted using the 
tuning indicator in the f.m. tuner as an indication that 
the gap had been adjusted correctly. Thus it was the 
selectivity and stability of the f.m. tuner which 
indirectly controlled the accuracy of S under normal 
working conditions.
The stability of the f.m. tuner was checked from 
time to time by the following procedure. The tunable 
concentric line and electrode assembly was disconnected 
from the 100 Mc/s oscillator and replaced by a fixed 
length of coaxial cable which acted as a tuned line.
The length was so chosen that the oscillator returned to 
its normal working frequency. The f.m. timer was then
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adjusted accordingly. The 100 Mc/s oscillator, which 
was built by modifying a 100 Mc/s high stability signal 
generator, was thus treated as a frequency standard 
against which to set the f.m. tuner.
The selectivity of the tuner thus was the primary 
controlling factor governing the accuracy with which the 
specimen — electrode gap was reset, and hence the accuracy 
of the sensitivity. A direct measure of the error in the 
assumed value of sensitivity was obtained when carrying 
out an optical calibration. It was found that the 
sensitivity returned to within 2% of its initial value 
on resetting the gap.
The accuracy with which the valve voltmeter could be 
read varied from about 1% to 2% depending upon the size 
of the signal. The instrument was checked from time to 
time and its self consistency between ranges maintained.
Thus the total error in measuring the absolute 
value of vibration amplitude was about 4%. However, 
the error in the measurement of relative vibration 
amplitudes was that due to the reading of the voltmeter 
(1% to 2%), as the sensitivity was expected to remain 
constant during the short time involved in making the 
internal friction measurements.
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The percentage errors in the absolute and relative 
values of maximum strain amplitude were the same as the 
errors in the vibration amplitude because the strain 
amplitude was proportional to the vibration amplitude, 
as expressed by equation 2.23* These errors were 
considered to be tolerable because of the large range of 
strain amplitude over which measurements were normally 
taken.
This error was much less than if the value of 
sensitivity had been assumed from the various parameters 
involved as calculated in section 2.4.3*
Section 2.6.2. Accuracy of frequency measurement.
The frequency of the drive voltage was measured with 
a counting instrument, discussed in section 2.1.3* The 
number of cycles of the unknown frequency in a given period 
were recorded. The period was determined by dividing 
down a 100 c/s signal from a frequency standard.
The instrument had a possible error of il count.
Thus a typical measurement, of a 2 Kc/s signal recorded 
for 10 seconds, gave 20,000 counts with a possible error 
ofil. Accuracy better than this was not required as it
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was not usually possible to set manually the resonant 
frequency of a specimen to better than 1 part in 
10,000. -in the case of high Q specimens, where the 
resolution was greater, a more accurate frequency 
measurement would, have been an advantage. This was 
in principle possible by recording the frequency for a 
longer period, however the frequency drift of the 
oscillator and specimen made a period greater than about 
10 seconds unsuitable.
Section 2.6.3» Accuracy of Q measurement.
The Q value measured was independent of the valve
voltmeter, and independent of the system’s sensitivity,
provided the sensitivity remained constant during the
time of measurement, which was usually of the order of
'*1one second. Thus the error in the Q measurement lay 
in the Q meter.
The operation of the Q meter has been discussed
t
in Section 2.1.3. Briefly, the number N of cycles,
of an exponentially decaying signal, with amplitude
between A_ and A_ are recorded. Provided that,
1 2
A1/A2 = 1.862 ................. - 2.5
then Q = 5N ...............  2.7
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Consider an exponentially decaying signal of*
frequency f . The counting rate f of the Q meter
should go from zero to f as the amplitude falls through
, and from f^ to zero as the amplitude falls through A0.
This process occurs in practice but the transition at
the amplitudes A^ and Ag is not discontinuous, due to the
finite resolution of the electronic circuits. Figure 2*21
illustrates this effect, which shows the normalised counting
rate f/f versus log Ideal behaviour has been indicated
by the dashed lines corresponding to transitions at A^ and
!
Ag• Thus the number of cycles N recorded is proportional 
to the area under the curve as log V is proportional to 
N due to the exponential nature of the waveform.
The areas enclosed by the curves in figure 2.21 are 
110? and !080 units representing the experimental and 
the ideal values respectively. Thus the measured Q 
value is expected to be about 2.5% greater than the true 
value. This represents a systematic error which applies 
to all the Q measurements, thus it is not very significant 
when considering relative values of Q, as is the usual 
practice.
The Q, value of a test specimen measured with the 
Q meter was compared with the value obtained from measuring 
the width of the resonance curve at the half power points.
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Figure 2.21 Operation of Q meter showing normalised counting rate f/fQ versus Log V.
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aaurement of amplitude-dependent internal friction dueFigure 2..22 Inaccuracies in the me
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The value of* Q as measured by the Q meter was about 
3% greater than the value measured from the width of the 
resonance curve. This comparison is in good agreement 
with the systematic error expected from the results shown 
in figure 2.21.
Random errors in the measurement of Q, originating ' 
in the Q meter cannot be easily distinguished from 
random fluctuations in actual Q. value. However, alloy 
specimens are expected to have internal friction which 
is stable, so that repeated measurements of the Q value 
of an alloy specimen, should give an indication of the 
random errors origination in the Q meter.
This procedure was carried out with a brass specimen 
with a value of Q of 13,300, and it was found that the 
value of repeated measurements were within 1% of each other.
For specimens with low Q values, random errors occurred 
due to the low number of counts registered. Assuming an 
error of one in the counting, then this represented an 
error of 5 in the Q, value. Thus for Q. values below 500 
the error rose above 1 This effect limited the 
use of the Q meter.
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Section 2.6,4. Inaccuracies due to strain amplitude
dependent internal friction.
If the internal friction is dependent upon strain 
amplitude an error is introduced because of the averaging 
process of the Q meter, which records over a amplitude 
range of 1.86 to 1.
The magnitude of this error is dependent upon rate 
of change of internal friction with amplitude i.e. the 
curvature of the initial log amplitude (A) versus number 
of cycles (N) curve. Thus an estimate of the error 
involved in the case of a typical experimental result was 
made. The original log A versus N curve was constructed 
in order to estimate the value of internal friction that 
would have been recorded by the Q meter, which effectively 
measures the slope of a chord spanning the curve across 
an amplitude range of 1.86 to 1. In order to construct 
the original curve it was assumed that the internal 
friction behaved in accordance with the predictions of 
Granato and Liicke1 s (19 56) model. Thus the internal 
friction is known as an explicit function of amplitude, 
and is drawn as the solid line in figure 2,22. The 
crosses indicated the average values of internal friction 
as would have been measured by the Q meter.
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If can be seen that the deviation between the 
average value and the ideal value is very small and is 
within the experimental errors of measurements (2% 
amplitude, 1% internal friction).
The determination of the original log A versus 
N curve was carried out by a numerical method of 
analysis devised and programmed for a digital computer 
by the author. The essential steps in the analysis are 
as follows.
Starting at the maximum value of amplitude, the 
internal friction is calculated for that amplitude and 
the number of cycles for the amplitude to decay by a 
factor of 1.00627 is calculated from equation 2.4. The 
internal friction associated with the new amplitude is 
then calculated and next coordinate on the N scale 
determined. This process is continued step by step 
until the complete amplitude range, typical of experimental 
measurements, has been covered. Thus an approximation 
to the theoretical curve is obtained which consists of 
a number of short segments. The size of the segment 
was so chosen that every 100 segments represents a 
change in amplitude by a factor of 1.86. Thus the
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coordinates of each 100th. step are recorded and the 
slope of the chord between successive points calculated 
which can then be compared with the actual value of 
infernal friction. This process has been carried out 
and the results are shown in figure 2.22.
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Section 2.7■ Preparation of specimens.
Single crystal specimens of lead and lead rich 
alloys in the form of cylindrical rods were grown by 
the Bridgman (1925) technique.
A two stage method was devised by the author in 
which the metal charge was first cast into the mould 
in vacuum, and while still molten the mould and charge 
transferred to the vertical furnace from which it was 
slowly lowered.
This method of initially casting the metal in 
vacuum ensures a good surface to the specimen and prevents 
the inclusion of oxide particles, without the necessity 
of having the crystal furnace evacuated.
Section 2.7.1. Preparation of alloys.
A series of lead - indium alloys prepared 
from high purity materials were kindly given by 
Vandervell Products Limited, These were used as the 
initial material for specimen preparation. A 1.2 
atomic percent indium alloy was used as a specimen and 
as a master alloy for the production of very dilute 
alloys. A 2.5 atomic percent tin alloy was prepared and 
used as a specimen and as a master alloy.
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The impurities in the initial metals used in the 
preparation of* the alloys were measured by spectroscopic 
analysis by the manufacturers, and are listed in 
table 2.1.
TABLE 2.1
MATERIAL SOURCE
Impurities in parts 
per million by
weight
Lead-indium alloys Vanderve31 Products Fe(20) Sn(lO) Bi(l)
Limited. Cu(l) Mg(l) Ag(l)
Indium
Lead
Vandervell Products Fe(20) Sn(lO) 
Limited.
Tin
Associated Lead 
Manufacturers Ltd.
Johnson Matthey 
and Co., Ltd.
Cu(4) Ag(0.5)
Pb(5) In(4) Bi(2)
Cu(l) Mg(l) Ag(l)
Section 2.7.2 Method of Casting.
The weighed quantity of metals were placed into a 
straight sided glass tube about one inch in diameter which 
had been drawn to a point at its lower end. The tube was 
then connected to a vacuum pump and lowered into a 
vertical tubular furnace. A stop cock was fitted to the 
pumping system so that the tube could be sealed off from
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time to time and shaken vigorously to ensure good mixing 
of the molten metals. Further mixing was achieved by 
the continual shaking of the tube and its contents through
the vibration of the vacuum pump to which it was attached.
The alloy was allowed to solidify under vacuum and 
then the tip of the tube was broken off so forming a 
funnel.
A mould was made from precision bore glass tubing 
25 cms. long and 0.68 cms. internal diameter. The tube
was coated with colloidal graphite in alcohol and a 
graphite plug inserted into the lower end of the tube.
The mould was then baked out in vacuum under the same
conditions that were used subsequently for casting.
The graphite coating prevented the metal sticking to the 
glass tube and acted as a lubricant when removing the 
specimen.
The mould together with the glass funnel 
containing its charge of alloy, were then placed into a long 
glass tube as shown in figure 2 .23. Tiie tube was then 
placed in a vertical tubular furnace and evacuated.
Thus on melting the alloy ran into the mould giving a 
vacuum casting.
To vacuua pimp
20 inches
Glann mould
tS inches
_ 1 ___
.Motor-
driven
chain
Glaea could
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The advantage of this technique of casting is that 
the metals can first be well mixed before casting into 
the narrow tube, and that casting under vacuum ensures 
a good clean surface to the specimen and avoids the 
inclusion of oxide particles. By casting from the 
bottom of the charge in the funnel further reduces the 
likelyhood of oxide particles being included i i the 
specimen.
The mould containing the molten charge of metal 
was then transferred to the crystal growing furnace, 
without allowing the metal to solidify.
Section 2.7«3. Crystal growing furnace.
The crystal growing furnace, designed and built 
by the author is illustrated in figure 2,24. The 
electrical winding had an additional tapping close to its 
lower end so that the heating current through the two 
sections could be controlled independently. Thus it was 
possible to obtain an approximately uniform temperature 
in the furnace with a steep temperature gradient at the 
lower end. The top of the furnace tube was closed by 
a ’Sindanyo’ plug through which passed a metal chain 
which carried the mould. The chain was driven by a
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synchronous motor through a gear box.
The mould containing the molten metal was 
transferred to the crystal growing furnace and slowly 
lowered through the steep temperature gradient at the 
exit of the furnace tube, thereby producing a single 
crystal, which was removed from the mould when cold.
Section 2.7.4. Final preparation of specimens.
The single crystals grown by the method discussed 
above were cut to the required length (15 cms) with a 
spark errosion machine which was claimed by the manufacturers 
to give strain free cutting.
The surface layer was removed from the specimens 
by a chemical etch reported by Goss (1952) which also 
revealed any grain boundaries. The composition of the 
etch was as follows,
2 parts by volume of nitric acid
3 parts by volume of acetic acid
20 parts by volume of water
The specimens were then mounted into the apparatus
and annealed in situ. This avoided the handling of 
the specimens after annealing.
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The composition of the specimens produced by th:L.- 
method were commercially checked by X~»ray fluorescent 
analysis of the ends cut from the original crystals.
It was found that the composition of the ends were 
within about 3% of the quoted values.
CHAPTER 3 
EXPERIMENTAL RESULTS
The internal friction of lead and lead alloys, 
in the form of cylindrical specimens approximately 
15 cms, long and 6,8 m.m, in diameter, has been 
measured as a function of strain amplitude, temperature 
and alloy composition.
The experimental results are divided into sections 
according to the essential property or effect being 
investigated. Within each section, the results will 
be discussed in terms of current theories and with 
reference to the literature. General discussion and 
conclusions will be presented in section 3.4.
Detailed information about each specimen is collect 
together in appendix 3,1.
Section 3.1. Dislocation damping.
Liicke and Granato (1956) suggested that internal 
friction arising from dislocation damping would vary 
with strain amplitude and impurity concentration in the 
general way shown in figure 3 • The results of
eleven specimens, measured at room temperature, covering
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Figure 5.1 Schematic diagram of expected internal friction Q 1 aa a function ef strain
amplitude e and solute concentration C (after Lucke and Granate 1956).* o
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figure 3.2. Internal friction of annealed specimens measured at room temperature.
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an impurity range of about QPQQ4% to 8,8% are shown 
in figure 3*2. It can be seen that there is good 
qualitative agreement between Liicke and Granato * s 
predictions and the present results, except for two 
curves which occur out of sequence. Their anomalous 
position may occur because different mould materials 
were used for the production, of the specimens.
It is possible to divide such internal friction 
data into two components, such that,
—  1 -1 -1Q x = Q. + Q. .................. 3.1i n
where Q_^  ^ is the internal friction observed at very 
low strain amplitudes and independent of amplitude, 
and ^ is the amplitude - dependent component.
Section 3»1»1 The form of the dependence of internal
friction upon strain amplitude.
The internal friction of specimen 15*2 is used to 
illustrate the similarity between the predictions of 
Granato and Liicke1 s (1956) model and the empirical 
relationship suggested by Takahashi (1956), over a 
range of strain amplitude typical of experimental results. 
Figure 3.3 is a plot of the experimental results, and 
also a plot of the amplitude - dependent internal friction
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Q. According to Takahashi
h
3-2
where a and (3 are constants and e is the maximum strain
amplitude. The results lie within 10% of a straight 
line of slope 3*3. This compares with Takahashifs 
results of 2*5 for a 1% zinc in copper alloy.
The results for specimen 15.2 are also in very 
close agreement with the predictions of Granato and 
Liickefs model as expressed by equation 1.8,
To indicate this close' agreement, values of internal 
friction which are in exact agreement with the form of 
equation 1,8, computed by the method of data fitting 
to be discussed in section 3*1*2, are all drawn on the 
same graph in figure 3*3* The experimental results 
differ from the computed values by a maximum of about 
6%, Thus the experimental results are not in exact 
agreement with either equation 3*2 or equation 1.8.
A more detailed comparison between these two forms 
of amplitude dependence is illustrated in figure 3*4.
The curves have been computed assuming a value of
q ."*1 of 10"\ The curve (2) indicates values in agreement
o
viz &.= (T*AL 3KYa/7t2L 2e )exp(-KYa/L o ) . . 1.8 h n c o  x c o
-2
(2)
,-4
3x10
Figure 3.4-, Comparison between the5 predictions of Granato and
M
Lucke's model (1) and Takahaahi's empirical 
relationship (2),
with Takahashi's relationship equation 3*2, and the 
curve(l) indicates values in agreement with Granato and 
Liicke1 s model. The greater part of the two curves lie 
with 10% of each other except at the knee region where 
the difference rises to a maximum of about 30%* It is 
considered that generally the reproducibility of the 
internal friction is insufficient to distinguish between 
these two relationships as expressed by equations 1.8 
and 3.2. However, as equation 3*2 is an empirical 
relationship while equation 1.8 is the outcome of a definite 
dislocation damping model, equation 3 • 2 will not be further 
considered, and the experimental results will in general 
be discussed in terms of Granato and Liicke's model.
For an example of the reproducibility of an internal 
friction versus amplitude curve see figure 3*5* The 
internal friction of specimen 11,54b was measured twice, 
under identical conditions with a few minutes between 
each set of measurements. Although the general shapes 
and positions of the curves are the same, they differ 
by an amount of up to about 3%•
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Figure 3.5 Reproducibility of internal friction as a
function of strain amplitude of specimen 11.54.
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Section 3.1.2. The Granato Liicke plot.
-1 xInternal friction plotted as log (Q^ ec>2^
versus 1/e^, referred to as a G.L. plot, should give 
a straight line according to Granato and Liicke*s model.
Data from specimen 15*2 plotted in figure 3.6, shows that 
the G.L. plots are curved. Such curvature has been 
reported by a number of workers, for example the results 
of Caswell (1958) are shown in figure 1.1. (page 24).
The problem arises as to the usefulness of such 
data giving curved G.L. plots. According to Granato and 
Liicke* s model, the slope S of the G.L. plot is proportional 
to the concentration of impurity pinning points, and the 
intercept I is proportional to the dislocation density.
The curved plot can be interpreted as a change in the 
average dislocation loop length, between pinning points, 
and a change in the dislocation density. The curvature is 
such that the slope increases with strain amplitude, which 
implies a reduction in the average loop length. This is in 
fact unlikely as the unpinning process must lead to a slight 
increase in the average loop length with increasing strain 
amplitude. The curvature of a typical G.L. plot leads to 
a change in the effective intercept which represents a 
change in the dislocation density. This is also unlikely
-  153 -
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Figure 3.6 G.L, plots of data from specimen 15.2 in arbitnkry
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as the maximum strain amplitude is usually of the order
—5of 10 which is less than the strain required for 
dislocation multiplication. Furthermore, if dislocation 
multiplication were to occur the internal friction versus 
strain amplitude curve would not be reproducible, which it 
is withisa a few percent.
An alternative and more probable interpretation of 
curved G.L. plots is that the dislocation and impurity 
distributions differ from those assumed in the model, 
and that breakaway will occur at different values of the 
strain amplitude for each slip system in the crystal.
If it is assumed that the G.L. model is approximately 
correct, the question arises whether it is possible to fit a 
straight line to such data as shown in figure 3 * 6 without 
introducing large discrepancies.
Figure 3.7 is a G.L. plot of data from specimen 
15.2. The straight line represents a best fit by a 
least squares method. However, when this straight line 
is represented as internal friction versus strain amplitude, 
as in figure 3.8, curve (2), the discrepancy between 
the experimental points (+) and the computed values is 
seen to be large. Thus a method has been devised to
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Figure 3.7 G.L. plot with a least squares straight line fit.
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calculate the most representative straight line, 
characterised by S and I, which represents data 
differing from the experimental data by a numerical 
minimum. It has been possible to carry out this 
calculation only by the use of a digital computer using 
a programme devised and written by the author. The
essential steps in the process are as follows. The
values of S and I are ca3.culated for each successive 
pair of points on a G.L. plot. Data, in agreement with 
each value of S and I, covering the whole range of strain 
amplitude is computed and compared with the original 
experimental data. The difference between the computed 
and the experimental values at each data point is summed. 
The values of S and I, associated with the smallest value 
of the sum of the diviations are taken as a starting 
point. Small changes are made in S and I alternately 
until a final numerical minimum is found. The computed 
values of the internal friction corresponding to this 
minimum, representing the best fit, are then obtained 
and can readily be compared with the experimental 
data. If there is reasonable agreement, within the 
limits of experimental reproducibility, the associated 
values of S and I are considered to be representative of 
the data.
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Computed values of internal friction for 
specimen 15*2, using the above method of estimating 
the most representative values of S and I, are plotted 
in figure 3*8, curve (l). The maximum diviation between 
the computed values and the experimental values (+) is 
about 6%. This is considered to be fairly good agreement 
considering the reproducibility of internal friction as 
a function of strain amplitude, see figure 3*5*
Section 3*1*3. The effect of temperature.
Using the method of estimating the values of S and 
I discussed in section 3*1*2., the temperature dependence 
of S has been investigated in an attempt to obtain an 
experimental value for the binding or interaction energy 
between dislocation and solute atom.
Assuming that the concentration of solute pinning 
points c obeys Cottrell’s relationship, as expressed by 
equation 1 .23,
viz c = cq exp ( E / k T )............. . . . 1 , 2 3
then S is proportional to c , and a plot of S versus 
reciprocal temperature should have a slope proportional 
to the binding energy E . . Such a procedure has been
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carried out for six dilute alloy specimens, that show 
amplitude - dependent internal friction. Two specimens 
gave results from which it is possible to estimate a 
binding energy. These results are shown in figures 
3.9 and 3*10 (specimen 11,54) and figures 3,11 and 
3.12 (specimen 15.2 ).
Figures 3*9 and 3 « H  show, the internal friction 
as a function of strain amplitude and temperature. The 
temperature dependences of the slopes of the G.L. plots 
are shown in figures 3*10 and 3.12. The values of the 
binding energy estimated from these sets of data are 
collected in table 3*1.
TABLE 3.1
Experimental and theoretical values of binding 
energy E, between dislocation and solute 
pinning point.
„ . Solute E(ev) E(ev) E(ev)
pecimen coneentration experimental Cottrell Fleischer
11,54 0.05% In
15. 2 0.05% Sn
0.06 - 0.10 0.026
0.08 - 0.14 0.020
0.10
0.08
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Figure 3.9 Internal friction data from specimen 11.54, with 
the temperatures of measurement in °C.
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Figure 3.10 Temperature dependence of the slope S of the C.L.
plot for specimen I1.54 (S in arbitrary units).
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Figure 3.11 Internal friction data from specimeji 15.2f with 
the temperatures of measurement in C.
100
Figure I 2 Temperature dependence of the breakaway strain 
ar.i the slope of the C.L. plot for specimen 
15.2 and S in arbiti&ry units ).
162 ~
Cottrell (1953) calculated that the maximum binding 
energy of a substitutional impurity atom, due to it 
differing in size from the matrix atom, is given by 
equations 1.27 and 1.28,
viz, E = | b^ G Y . . . . . . . . . .  1.27
Y = (l/a) da/dc . . . . . . . . .  1.28
Using the values of Y calculated from the work of 
Tyzack and Raynor (I95*t) for indium in lead and tin in 
lead, the binding energies are 0.026 ev and 0,020 ev 
for the two alloys respectively* These values are less 
than the experimental values. However, recent work of 
Fleischer (1963) would suggest that the binding energy 
is greater than predicted by Cottrell. Fleischer has 
considered the interaction energy between solute atom 
and both edge and screw dislocations, taking into account 
effects of the size of the solute and its shear modulus. 
To determine a numerical value for the contribution 
to the binding energy due to the modulus difference, 
requires a value for the change of modulus with 
concentration dG/dc. This data is not yet available
from the literature. However, for the various copper
alloy systems considered by Fleischer, the modulus and
size effects give interaction energies of comparable 
size for edge dislocations. For screw dislocations 
the modulus effect dominates, giving an interaction 
energy on average three times that due to the size effect. 
Thus the effective binding energy, determined from 
internal friction measurements, will depend upon the 
type of dislocations taking part in the unpinning process, 
but may be from 2 to 4 times as large as expected from 
Cottrells predictions.
Fleischer has shown that it is the screw dislocations 
which are operative at the yield point in copper alloys, 
so that the binding energy is the larger of the possible 
values. If it is assumed that the same type of process 
occurs at the unpinning of the dislocations during internal 
friction measurements, then the binding energy may be 
about four times that predicted by Cottrell. This would 
lead to a binding energy of 0.10 ev and 0.08 ev for 
indium in lead and tin in lead respectively, which lie 
within the experimental range of the measured values 
quoted in table 3,1. However, confirmation of this 
effect requires a value for the change in shear modulus 
with solute concentration dG/dc, and a value of the 
volume expansion caused by a screw dislocation.
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The results of the four specimens which showed 
amplitude — dependent internal friction but which did 
not yield a binding energy, are now discussed.
Specimen 11.31.
The results for specimen 11.51* a 0.3% lead-indium 
alloy, are shown in figures 3*3-3 and 3*3-4. Although the 
shapes of the curves are in approximate agreement with the 
predictions of Granato and Liicke1 s model, the computed 
values of S plotted against reciprocal temperature in 
figure 3*14 do not lie on a straight line, or even a 
smooth curve.
This occurs because of two features of the 
experimental data. The breakaway strain remains 
approximately constant throughout the whole temperature 
range, and the curvature of the graphs at the breakaway 
strain increases with temperature. This behaviour is 
unique to specimen 11.51 and occurs most probably for 
the following reasons.
The solute concentration is such that the 
concentration of pinning points decreases from an over­
pinned condition at room temperature to a level typical 
of dilute alloys at about 300°C. If an interaction
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energy of* 0,1 ev is assumed the concentration of* pinning 
points will decrease by a factor of* about 7 for an 
increase in temperature of 280° C. Thus the 0*5% 
alloy specimen is expected to behave at 3^0° C similarly 
to a 0.07% alloy at room temperature. Figure 3*15 
illustrates this effect with results from specimens
11.51 and 11.5^- • Thus at room temperature it appears 
that specimen 11.51 does not behave according to Granato 
and Liicke * s model, as it is in an overpinned condition. 
Such changes in concentration of solute pinning points 
are further discussed in section 3*2.3*
Specimen 11.52.
The results for specimen 11.52 are shown in 
figure 3 ,16, The point of particular note is the 
lack of amplitude dependent internal friction. This 
specimen has half the solute concentration of specimen
11.51 yet shows less amplitude dependence. There is 
no direct explanation for this effect but it does serve 
to illustrate the range of results obtained from specimen 
to specimen and hence the difficulty in qualitative 
analysis.
Specimen 11.53*
The results for specimen 11.53 are shown in
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Figure 3.15 Amplitude-dependent internal friction for specimen 11.51 at 300° C (1) and
30 100
specimen 11.54 at 15VC (2).
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-201°C
300100
eox10/
figure 3.16 Internal friction data from specimen 11.52,
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Figure 3*17. Of particular note is the fact that 
the curves measured at temperatures, 43°C, 63°C,
76°C, 92°C, 106°C and 125°C are all bunched together.
This behaviour results in the temperature dependence of 
the slopes of the G.L, plots shown in figure 3*18*
Only at temperatures above 450°K do the results lie 
approximately on a straight line representing an 
activation energy of 0.6 ev. This value is considered 
too large to be due to the interaction energy between 
dislocations and solute atoms. However it is the same 
value as the activation energy obtained from the temperature 
dependence of the amplitude - independent internal friction 
above 450° K. No other specimen has shown such behaviour.
Specimen 10.8,
The results for specimen 10.8 are shown in figure 
3.19. Although they show an amplitude - dependent 
internal friction the variation with temperature is not 
very systematic. This is illustrated by the temperature 
dependence of the slopes of the G.L. plots in figure 3*20. 
Thus it is not possible to estimate a value for the 
interaction energy between dislocation and solute atom.
This behaviour may occur because the specimen of commercial 
purity does not have predominately one type of solute.
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Figure 3.17 Internal friction data from specimen 11.53, with the temperatures of measurement
in degrees centigrade.
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Figure 7.18 Temperature dependence of the slope S of the Q . t .
plot for specimen 11.53 1$ In arbit&ry units).
«*> X7^
10'
3x10'
10'
3xio'
100 300
Pigure 3.19 Internal friction data from specimen 10,
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Pigure 2.20 Tenperature dependence of the elope 3 of the
C.L. plot for apeciaen 10.8 (S in arbitrary unite'.
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Specimen 14^3.
The internal friction data for a high purity 
lead specimen 14.3 is shown in figure 3*21, In general 
the internal friction rises with strain amplitude and 
shows no amplitude - independent region. The form of 
the internal friction versus strain amplitude curve is 
not in agreement with the predictions of Granato and 
Liicke* s model. This is characteristic of high purity 
specimens where Granato and Liicke *s model is inappropriate 
because the distance between impurity pinning points is 
comparable to the length of dislocation between nodes.
The experimental results do also indicate the 
unreproducibility of the internal friction, characteristic 
of high purity specimens, as all the results were obtained 
at room temperature.
Associated with the large values of internal friction 
there is a large modulus defect which is discussed in 
section 3»1«5.
Section 3.1.4. The temperature dependence of the
critical strain amplitude.
Weertman and Salkovits (1955) prior to Granato and 
Liicke* s model estimated the binding energy, between 
dislocation and solute atom, from the temperature
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Figure 3.21 Internal friction data fron specimen 14.3*
Figure 3.22 Idealised data which fits Granato and Lucke's aodel.
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dependence of the breakaway strain e, at which theD
internal friction ceases to be amplitude independent.
They measured a series of lead alloys, and obtained 
values of the binding energy in the range of 0,07 ev to 
0,15 ev for the lead — tin alloys. These values compare 
with the present experimental values of 0.08 ev to 0,14 ev 
quoted in table 3*1«
Although the model proposed by Weertman and Salkovitz
(1955) differs substantially from that of Granato and
Liicke (1936), the predictions, in terms of the temperature
dependence of e^, do not differ substantially over the
range of strain amplitude usually involved. It has
therefore not been possible experimentally to differentiate
between them. This similarity between the predictions
of the two models is illustrated in figure 3*22 which is
a set of idealised date, which fits Granato and Liicke1 s
model, and is based upon the experimental results of
specimen 15.2. This set of data has been chosen in such
a way as to give a G.L, plot with a constant intercept
and with slope S increasing in the same ratio as the shift
in e, , Thus such a set of data, where each curve b
represents a different temperature, would give exactly 
the same value of binding energy when interpreted in terms 
of either model.
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The experimental results for specimen 15.2,
shorn in figure 3 • H  ? are qualitatively very similar
to the idealised values in figure 3.22. Hence the
breakaway strain e,^  for these results has been
measured, in order quantitatively to compare the two
models with experimental data. The values of e.,b
are plotted in figure 3.12, together with the values 
of S, against reciprocal temperature. The binding 
energies calculated from the two sets of data are 
0.08 ev and 0.13 ev respectively. Although these 
values are significantly different they lie within the 
experimental range of values obtained both by 
I'Jeertman and Salkovitz and by the present author for 
lead - tin alloys.
Section 3?1.5 The modulus defect.
Associated with a large value of internal friction there
is a large value of modulus defect, which it is possible
to measure with the present apparatus. Due to the method
of measuring the modulus defect, which entails measuring
a small change in resonant frequency 6f the error in its
measurement is high. Thus until the modulus defect
-3rises above about 10 the error in its measurement does 
not fall below 10%. It is therefore only possible to 
measure relatively large values of modulus defect, with 
the present apparatus.
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The amplitude « dependent internal friction Q,n
is usually related to the modulus defect 5M/M.
According to Granato and Ldckefs model,
6*h = r &M/M 3.3
where r is a constant of the order of unity. Various 
values of r have been reported in the literature from 
0*l6 to 6.
Figure 3.23 shows the internal friction versus 
defect modulus in terms of 5f , for specimen 14.3 
measured at room temperature on three occasions. 
Because a resonant bar technique is used, the defect 
modulus is related to the change in frequency by,
The value of r calculated from the slope of the 
curves is not constant but varies from 0.17 to 0 ,85j 
which is within the range reported in the literature.
Of particular interest is the fact that the general 
shape of the internal friction versus the change in 
resonant frequency curve is approximately the same as the 
internal friction versus strain amplitude curve in figure 
3.21. A plot of frequency shift 6f versus the strain
6M/M = 2 6f/f 3.4
Thus rewriting equation 3*3
Q. = (2r/jt) 5 f/f11 3.5
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Plguro 3.25 Internal friction vsraua froqusnoy shift for specimen 14.3.
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Figure 3.24. Frequency shift versus strain amplitude for specmisn 14-.3.
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amplitude shown in figure 3*24 however, does not show 
the same irregularities. This further indicates that 
the internal friction is not behaving in accordance with 
Granato and Lilcke’s model.
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Section 3.2* Amplitude -> independent internal friction.
The variation of amplitude -* independent internal 
friction with both temperature and solute concentration 
has been investigated using the same series of specimens 
discussed in section 3 • 1 • , and additional specimens which 
exhibit only amplitude - independent effects*
Section 3.2*1* The effect of temperature upon amplitude «-
independent internal friction.
The results from specimen 11.32 shown in figure 3*25i 
exhibit a characteristic exponential dependence of 
internal friction upon reciprocal temperature above 
about 400° K, For comparison the results from a lead -=* 
tin alloy measured by Weertman and Salkovitz (1955) are 
shown in figure 3 *26. Although the magnitudes of the 
internal friction differ, the temperature dependences 
are very similar. Below about 400° K the internal 
friction flattens off, and at sufficiently low temperatures 
usually becomes temperature independent, For example, 
figure 3.27 shows that the amplitude - independent internal 
friction of specimen 11*3 is virtually independent of 
temperature below about 180° K.
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Pigure 3.25 Tecporc.ture dcpandenco of t&s
internal friction for cpcciies It.52.
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Figure 3.26 Temperature dependence of the amplitude- independent 
internal friction for a 0.0585$ Pb-Sa alloy 
(after Veertman aad S&lkovita 1955).
®a 181
■~r5
6
6 874321
Figure 3.27 Temperature dependence of the aoplitude-ird©pondeat 
internal friction for specicon 11*3
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The temperature dependent internal friction of 
12 specimens, of different solute concentrations, 
have been measured. Some exhibit a linear region in
mm *| Q
the curve of log versus 1/T K. From the slope
of the linear region, the value of an apparent activation
t
energy E can be calculated such that,
c p  exp (~E / k . T 3*6
f
The experimental values of E , obtained in the present 
work, are collected in table 3*2, together with the 
temperature at which the activation process appears to 
commence. In the cases where the curves show no well 
defined linear region the range of possible activation 
energies are quoted.
The results for the lead - indium alloys give a 
range of values for E of 0,24 ev to 0.6 ev with a mean 
value of 0,45 ev, The lead - tin alloys give a mean
t
value for E of 0.31 ev which compares with the range of 
values of 0.26 ev to 0.45 ev quoted by Weertraan and 
Salkovitz (1955) whose experimental values are also quoted 
in table 3-2.
A method of improving the straight line fit has been 
devised which takes into account the possible effect of 
thermal unpinning and which is discussed in detail later•
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TABLE 3.2
Experimental values of apparent activation energy 
associated with the temperature dependence of the 
amplitude - independent internal friction.
SPECIMEN
Initial value Temperature of Activation
of activation the start of energy
energy the linear region after
E'ev °K, subtraction
p
of a T term*
11*3 0.24 250 0.36
11*2 0.6 420 0.47
11.47 0.3 390 0.33
11.46 0.1 - 0.6 - 0.42
11.51 0 . 0 6 8 - 0 , 5 3  - 0.53
11.52 0.48 400 0.51
11.53 0,6 400
11.54 0.34 420
14.4 0.21 170
15.1 0.21 370
15.2 0.095 - 0.72 - 0.38
10.8 0.18 290
(Results after Weertraan and Salkovitz 1955)
Pb-Bi O.3O-O.39
Pb-Sn 0.26-0.45
Pb-Cd 0.18-0.35
The mean value of activation energy for lead - 
indium alloys is 0*45 ev + 0.1 ev.
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There appears to be no correlation between activation
energy and composition which ranges from 8 .8% to 0 .05%
indium in lead. This is in agreement with the findings
of Weertman and Salkovitz (1955) and the predictions of
Granato and Liicke (1956)» Birnbaum and Levy (1956)
and Shmatov and Grin (1961). Hiki (1958) has observed
an activation energy of 0.48 ev in lead over the
temperature range of about 250°K to 290°K* For temperatures
oabove about 290 K he found that the amplitude—independent 
internal friction was approximately constant while the 
amplitude dependent internal friction showed an activation 
energy of 0.59 ev. This behaviour is at variance with 
the present work. The magnitude of the activation 
energy, found in the present work, is in good agreement 
with the work of Birnbaum and Levy (1956) and Shmatov 
and Grin (1961) who expect the activation energy to be 
that of vacancy formation which is about 0.37 ev in the 
case of lead.
Weertman (1957) calculated the activation energy of a 
lead - tin alloy to be 0.12 ev according to his high 
temperature model. He used the value of Y = 0.062 
where Y is Cottrell’s misfit parameter, see equation 
1 .28. Using the more recent value of Y = 0.020 (Tyzack 
and Raynor 1954) the activation energy would be 0.055 ev. 
Both of these values are much less than the experimental
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values. Furthermore Weertman*s model predicts an 
impurity concentration dependence for the activation 
energy.
Normally, Granato and Liicke's model is not applied
to this high temperature region, as it is assumed that
the solute impurities will be evenly distributed, the
thermal energy being comparable with the dislocation -
impurity binding energy. However, the work of Fleischer
(1963) suggests a higher value than Cottrell for the
binding energy, which has been confirmed by the present
experimental work discussed in section 3*1»3» Using the
higher value of interaction energy of 0.1 ev for indium
in lead, the degree of solute segregation to the
dislocations, expressed as the ratio c /cq , is about 20
at 400° K, where eland c are defined by equation 1 .23•| o
For the alloys measured with this degree of solute 
segregation it is considered appropriate to apply Granato 
and Liicke's model.
This model predicts that the binding energy between 
dislocation and solute atom is one quarter of the 
activation energy associated with the rise in amplitude — 
independent internal friction with temperature. Thus
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dividing the activation energies, obtained experimentally, 
by four the resultant binding energies range from 0.07 ev 
to 0.15 ev, and are in good agreement with those of 
0.06 ev to 0.1 ev obtained from the amplitude - dependent 
internal friction.
Thus it is reasonable to assume that the rapid rise 
of internal friction with temperature may arise from the 
change in the equilibrium concentration of pinning pointsc
The internal, friction does not continue to fall 
exponentially with temperature, as is expected from 
Granato and Ltlcke's model. This is most probably due 
to some other source of internal friction becoming 
dominant.
The thermal unpinning process, proposed by
Thompson and Holmes (1959) predicts a second power
dependence of amplitude - independent internal friction
upon temperature. This process is likely to dominate at
low temperatures, while the exponential dependence is
dominant at high temperatures. However, both processes
are likely to contribute to the internal friction
simultaneously. Thus by substractir.g a term proportional 
o
to T from the experimental data a better fit to an 
exponential form should be obtained.
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This process has been carried out using a digital 
computer for the numerical manipulations, resulting in
... i
an improvement in the straight line fit of log Q.i
versus 1/T°K. For example figure 3.28 shows the 
considerable improvement in the linearity of the results 
from specimen 11.52. The values of the activation energy 
obtained by this method are listed in table 3*2 for 
comparison with the original values. In some cases the 
results are not amenable to this treatment, for example, 
specimen 10,8 has virtually a discontinuity between the 
exponential region and the temperature independent region.
Section 3»2.2. The effect of frequency upon the amplitude <■-*
independent internal friction.
Due to the limited success of dividing the amplitude—
independent internal friction into two components, a power
term and an exponential term, it was decided to investigate
the thermal unpinning process further. Assuming that
the amplitude - independent internal friction, proportional 
2to T , is due to a thermal unpinning process, as suggested 
by Thompson and Holmes (1959)j then such internal friction 
should be frequency dependent.
To investigate this effect, an attempt was made to 
measure the internal friction at both the fundamental
-H O fc■* luO
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Figure 3.28 Amplitude-independent internal friction, of
specimen 11,52 showing both, a 2nd. power and 
" an esponential teaporature depondeaeo. • ■
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figure 3.29 Temperature dependence of the amplitude-independen 
internal friction of specimen 11.47 measured at it 
harnonic frequency
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and the second harmonic frequencies. Unfortunately 
the internal friction measured at the second harmonic 
was not reproducible and did not vary in any systematic 
way. The results are shown in figure 3*29*
This rather complicated behaviour may arise from the 
constraining effect of the specimen suspension system 
when operating at the second harmonic frequency. As other 
workers, for example Nowick (1950), have also reported 
rather scattered results it was decided not to pursue this 
line of investigation.
Section 3.2,3. The effect of purity on the amplitude -
independent internal friction.
The amplitude — independent internal friction of ten 
specimens has been measured as a function of solute 
concentration and temperature. The results of measurements 
at room temperature l8l°C and 29&°C are shown in figure 3»30*
At room temperature the internal friction falls very 
rapidly with solute concentration, with a maximum rate at 
a solute concentration of about 0 .05%? where the slope 
of the log - log plot is approximately four. These results 
are in general agreement with the predicted behaviour 
shown schematically in figure 3.1 (after Liicke and 
Granato 1956).
o.oooi o.oo; 0.01 0.1 1
C (a to n ic  p e rc e n t )
f i g u r e  3.30 A lh fJ ih kie-i'Viepen^ t internal f r i c t i o n  versus S e lU tC  c o n c e n t r a t i o n .
The internal friction reaches a steady value of 
<■•6
2.5 x 10 at a solute concentration of about 2% and 
for concentrations below about 0 .0005% the internal 
friction again appears to approach a steady value of about 
3 x 10~3.
These results illustrate the limited range of 
applicability of Granato and Ltlcke’s model, which predicts 
a negative fourth power dependence of internal friction 
upon solute concentration. Only in the range of about 
0.02% to 0.2% does the slope of the room temperature curve 
approximate to 4. These results can be further 
investigated as follows.
At high solute concentrations the dislocations 
become overpinned with a solute atom on every lattice site 
along the dislocation. The string model of dislocation 
damping, is therefore inappropriate as the maximum 
displacement of a dislocation loop would be much less than 
one atomic spacing, Niblett and Wilks (i960) quote 
the maximum displacement x of a dislocation loop, length 
L as,
x =s L ^ e / 4 b ..........   3*7
where e is the strain and b the Burger^ vector.
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In the case of an overpinned dislocation loop, x is of
mm H II
the order of 10 cms. It is therefore considered 
that at such high solute concentrations, some process, 
other than dislocation bowing, is responsible for the 
internal friction which is independent of solute 
concentration.
At low solute concentrations, the average length of 
free dislocation is controlled by the density of dislocation 
nodes rather than being impurity controlled. Therefore, 
the internal friction is expected to approach a steady 
value when the loop length between dislocation nodes 
L is comparable to the loop length between solute pinning 
points, ,
The experimental results, shown in figure 3•3^ do 
in fact behave in the way discussed above. The internal 
friction reaches a steady value at a solute concentration 
of about 2% at room temperature. This is assumed to 
correspond to the overpinning of the dislocation, 
represented by a value of © = 1 in Cottrell’s relationship,
viz c = c0 exp (B/kT) • « • • • . . .  1.23
Thus as c0 s 0.02 (2%) the value of E is 0.1 ev. This 
value is in good agreement with the mean values of 0.08 ev 
+ 0.02 ev and 0.11 ev + 0.02 ev obtained from the amxDlitude
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dependent and independent internal friction respectively 
and discussed in section 3.1.3. and section 3.2.1.
The internal friction appears to roach a steady
value when the solute concentration is about 0*0001%,
at room temperature. Assuming a value of 0.1 ev for
the binding energy between dislocation and solute atom,
then the concentration of solute atoms on the dislocations
-5is expected to be about 5 x 10 according to equation 1 .23* 
Thus assuming that this condition is reached when,
L = L = L = a/c  .................. 3.8
n c
, -4where a is the lattice spacing, then L = b x 10
If a cubic dislocation array is assumed 
where A = 3A^n^ ........................... 3*9
then substituting for the value of L yields an
6 -2dislocation density of about 8 x 10 cm . This value 
of dislocation density is typical of values usually 
associated with annealed metals. This calculation 
gives further confirmation of the underlying process 
which governs the internal friction in dilute alloys.
The effect of temperature on the experimental results 
is to increase the internal friction generally, as expected.
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Of* particular interest is the change of shape of the 
internal friction versus solute concentration curve.
The slope at high solute concentrations is increased with 
increasing temperature. Thus at l8l°C the internal 
friction does not reach a steady value at a solute 
concentration of 2%, but appears to be approaching a 
steady value at a higher concentration. At 298° C 
this effect is further increased.
As the temperature increases the pinning - point 
concentration c will fall according to the Cottrell 
relationship, equation 1.23. Thus the bulk concentration 
cq required to produce an overpinned state will be 
increased. The change from room temperature to l8l° C 
will reduce c by a factor of 3*7 assuming a value of 
0,1 ev for E. Thus the 2 02% alloy will have the same 
pinning - point concentration at l8l° C as a 0.6% 
alloy at room temperature. Similarly at 2^t°C it will 
correspond to a 0.32% alloy. It is interesting to note 
that the slope of the room temperature curve, of internal 
friction versus solute concentration, at a solute 
concentration of 0.6% is approximately equal to the slope o 
the l8l°C curve at a solute concentration of 2.2%.
Similarly at a concentration of 0.32% the slope of the
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room temperature curve approximates to that of the 
298°c curve at 2.2%. These points are indicated on 
the curves, in figure 3*30, by small arrows.
This connection, between the curves obtained 
at different temperatures, provides further evidence 
that the fall in internal friction is due to a 
dislocation pinning process. However, the origin of 
the internal friction when the dislocations are overpinned 
is not known,
Cabarat et al.(1948) and Weinig and Machlin (1956) 
have measured the internal friction of some copper alloys 
as a function of solute concentration. Their results 
show a sharp decrease in the internal friction with 
increase in solute concentration but there is insufficient 
data to check the existence of a fourth power dependence.
More recently it has been shown that neutron 
irradiated specimens show a reduction in their amplitude- 
independent internal friction. In particular Thompson 
and Holmes (1959) have shown that the internal friction of 
an annealed single crystal specimen of copper, irradiated 
with fast neutrons, fell and approached a steady value
after an integrated dose of fast neutrons of about
12 2 3 x 10 J neutron/cm . The measurements were made on
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the specimen which was undergoing irradiation in an 
atomic pile. The fall in internal friction is thought 
to be due to the vacancy interstitial pairs, produced 
by the bombardment, diffusing to and pinning the 
dislocations. The reduction in the internal friction 
is thus due to the reduction in the average length of 
a dislocation loop. A comparison can thus be made 
between the two processes, that of solute and that of 
defect pinning.
Thompson and Holmes (1959) found that the internal 
friction was dependent upon the inverse fourth power of 
the defect pinning concentration. This is in agreement 
with both Granato and Liicke’s model and with the present 
experimental results on solute pinning.
Snyder and Neufeld (1955) tentatively suggest a 
value of 1 to 100 for the number of pinning points
created per neutron. Thus with a neutron dose of
12 2 3 x 10 neutrons / cm , and assuming a dislocation
7 —2 ~2density of 10 cm , a pinning concentration of 10
to 1 is expected, as discussed in section 1.3•5• This
range of concentration compares with the value of 1
assumed for the overpinned condition of a dislocation.
Thus the affect on the internal friction of solute pinning
and defect pinning appears to be comparable.
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Section 3.3. Miscellaneous Effects,
A number of* other effects have been observed 
associated with the internal friction of specimens, 
during the course of the main investigation. These 
effects will be discussed.
Section 3.3.1 Crystal perfection.
Five specimens were prepared from the same I 
initial material, and grown by the same process except 
that they were solidified at different rates. The 
amplitude - independent internal friction measured 
at room temperature after the specimens had been etched 
and annealed is collected in table 3.3 together with the 
rate of crystal growth.
TABLE 3.3
SPECIMEN 11.47a 11.4?b 11.47c 11.47d 11.47e
Rate of
CryS^?1 - 0.5 2.5 12.5 62.5 180growth m  
cms /hour.
Amplitude-
independent r c im tr
internal 3.0x!Q 7 .6xl0~ 4.0x10 p 4.8x10 p 8.1x10
friction
(q~1)
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There is a general increase in the internal friction 
with increase in growth rate. The change of growth rate 
is expected to influence the presence of grain joundaries, 
low angle boundaries and cellular substructures, (fee 
for example recent reviews by Elbaura 1959 and Hurle 19&2) 
and hence influence the internal friction.
The five specimens are shown in figure 3,31 and it can 
be seen that specimens c, d and e are not completely 
single crystals.
The increase in internal friction with growth rate 
is unlikely to be accounted for by an orientation effect, as 
the orientation factor T* according to Granato and Liicke1 s 
model is expected to have a maximum range of values of about 
3 to 1.
However, more detailed work is required to investigate 
these effects further.
Section 3.3.2. Surface effects.
The surface layers of a newly grown single crystal 
sometimes markedly influence the internal friction.
Figure 3*3 3 shows the amplitude-dependent internal 
friction of a 2,2% lead-indium alloy single crystal
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Figure 3.3-1 Photograph of five specimens prepared from 
2,2% Pb-In alio v .
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specimen measured in the as grown condition, measured 
with the surface layer chemically removed and measured 
after an anneal of ten hours at 285°c. It can be seen 
that the main source of energy loss occurred initially in 
the surface layer. The subsequent anneal had the 
relatively small effect of reducing the internal friction 
by about 13%.
Figure 3*33 shows that the effect of removing the 
surface layer from specimen 11.47 c was to eliminate 
the unusual amplitude dependence. However, the effect 
of annealing was to increase the internal friction by 
about 20%.
Similar surface effects have been reported by 
Read and Tyndall (1946), Wert (1949)i Nowick (1950) and by 
Read and Shapiro (1951)j but no detailed or systematic 
study of these effects has been reported.
Section 3*3»3« Time dependent effects.
Time dependent effects have been observed in high 
purity lead single crystals at temperatures of about 
«100°C. The internal friction measured as a function of
increasing strain amplitude was found not to return to its
original value immediately on reducing the strain
.-310'
,-6
t 3 !  u) , 30 ICO
e ilO' o
Figure 3.32 Internal friction neasured with 3pecixen 11.47a in the following conditions, 
(l) as grown, (2) with surface layer reaoved, (3) annaaled.
, 3 1 0 _ 3 0  100 : 300
e „x100 ;
Figure J."33 internal friction neasured with speciser. 11,47c in the following conditions.
X O  grown, (2) with surface layer rexoved, (3) annealed.
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amplitude, but returned slowly over a period of about 
one hour. Figure 3*34 shows the results for specimen 
14.4 where the arrows indicate the recovery of the internal 
friction after high amplitude excitation. Such high 
amplitude excitation is thought to tear dislocations away 
from their pinning points which subsequently diffuse 
to and repin the dislocations. These effects will only 
be seen if the temperature is sufficiently low so that 
the diffusion process takes a time much greater than the 
interval between measurements.
Chambers (1957) has investigated such time effects 
in some detail and found that the recovery of the internal 
friction of aluminium single crystals could be represented 
by the relationship,
6^ - 6q gc exp (*~(3tn ) . . . .  3.10
where 6 is the initial value of infernal friction o
before excitation, t is the time after excitation and 
(3 and n are constants.
Figure 3.35 shows the results for specimen 14.4 
plotted as log (Q^ - Qq ) versus log t, but no
linear region is obtained. The difference between the 
present results and those of Chambers may be due to
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Figure 3.34 Internal friction data from specimen 14.4
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the high purity of the lead specimen so that the 
concentration of solute pinning atoms is not the same as 
in Chambers* specimens.
Time dependent effects have also been observed above 
room temperature when measuring the internal friction as 
a function of temperature. The effect is illustrated 
in figure 3.36 asd a discontinuity in the internal 
friction versus temperature curve, where the sets of 
measurements 1, 2, 3» 4 and 5» 6, 7j 8, 9 were each 
taken over a period of about an hour but the interval 
between them was about 15 hours. The origin of this 
effect is not known, but due to similar effects 
Kamentsky (1956) found that it was necessary to rest 
a specimen at each temperature for about two hours to 
obtain reproducible results.
<a> Q  am
10-5
Q“
5x10-6
3x10 _
2x10-o
2.5 3.0 t000/S°K 3.5
Pifisre 3.35 A tiss-dcpondaat effect observed ia the reculto
.frca cpaclssn 11#4?a,
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Section Conclusions.
A frequency modulation technique for the detection 
of the small amplitudes of vibration involved in 
measurement of internal friction and dynamic moduli has 
been developed and has proved very reliable.
By the use of an optical calibration technique the 
value of vibration amplitude can be measured within 2% of the 
absolute value.
Experimental results of measurements of the internal 
friction of lead - indium and lead — tin binary alloy 
single crystals as a function of amplitude, temperature 
and composition, have been found to be in general 
qualitative agreement with the predictions of Granato 
and Ltlcke ' s model.
Quantitative agreement has been obtained in many 
cases through a numerical method of curve fitting which 
has increased the applicability of the model.
The temperature dependence of the amplitude - 
dependent internal friction has enabled a value of binding 
energy between dislocation and solute pinning point to 
be obtained which was found to be experimentally in
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agreement with the value of binding energy obtained 
from the temperature dependence of the amplitude - 
independent internal friction. For dilute alloys of 
indium in lead the value of the binding energy was found 
to be about 0.1 ev. However, this experimental value of 
binding energy is about four times that predicted by 
Cottrell (19^8) as due to the size difference between 
solute and matrix atom. The recent work of Fleischer 
(1983) would suggest that the value of binding energy 
is greater than Cottrell's value by a factor of up to about 
four. However, measurements of the change of shear 
modulus with alloy concentration are required before the 
exact value of this factor can be calculated.
The behaviour of the amplitude - independent 
infernal friction as a function of temperature suggests 
that there is a thermal unpinning process operating in 
addition to the change in average dislocation loop length 
due to the change in equilibrium concentration of 
dislocation pinning points. However, further work is 
required to fully investigate thermal unpinning processes.
The rapid fall of internal friction with solute 
concentration gives convincing evidence for the existence 
of dislocation damping. In the range of solute
- 209 ~
concentration of about 0.02% to 0.2% the internal 
friction exhibited a fourth power dependence upon 
reciprocal concentration as predicted by Granato and 
Liicke. This is the first reported work to establish the 
fourth power dependence. Furthermore the range of solute 
concentration over which the fourth power is operative 
is in agreement with that expected from the measured 
value of dislocation - solute binding energy.
The influence of crystal perfection upon the 
amplitude - independent internal friction has been shown 
to be very large. This effect requires further 
investigation.
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APPENDIX 2.1.
List of manufacturers of major items used.
Absorption wavemeter, type TF643A, by Marconi Instruments
Limited.
Colloidal graphite in alcohol, by Acheson Colloids Ltd.
Capacitar (high voltage working air spaced) by S.S. Bird
and Sons Limited.
Decade scaling units, by Ericsson Telephones Limited,
Electronic temperature Controller, type E759^ fcj hy Mullard
Equipment Limited.
F.M. tuner, type Trough-Line II, by H«J. Leak and Co.
Limited.
Glass fibre sleeving, by Jones, Stroud and Co. Ltd.,
Glass—metal seals, by Associated Electrical Industries
Limited.
High stability oscillator, type SRM, by Rohde and
Schwartz Limited.
High temperature cement, by F carta fix Limited.
Precision bore glass tubing, by Chance Bros, Limited.
Precision brass telescopic tubing, by Rollets and Co.Ltd.,
Q meter, type L.D.A., by Cawkell Research and Electronics 
Limited, now Dawe Instruments Ltd.,
Signal generator, type TF 39OG, by Marconi Instruments
Limited.
1Sindanyo1 asbestos material, by TurnersAsbestos Cement
Company Limited.
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Spark cutting machine, by Metals Research Limited.
Valve type A2792, by The General Electric Company
Limited.
Variable cut-off filter, type GFF 001/02, by
Mullard Equipment Limited,
•Vinkor' high Q cores, by Mullard Equipment Limited,
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APPENDIX 3.1 
LIST OF SPECIMENS
Amplitude-independent 
Specimen Solute Composition internal friction
Number (Atomic Percent) measured at room
_________ ______    temperature
11.3 8. 8% In 3.0 X 10“5
•HH 4 .4% In 3.9 X 10"3
11.47a 2.2% In 3.0 X 10“6
11.47b 2.2% In 7.6 X 10“6
11.47c 2.2% In 4.0 X 10“3
11.47d 2.2% In 4.8 X 10“3
11.47e 2.2% In 8.1 X 10 p
11.46 1.1% In 2.1 X 10“6
11.51 0 .5% In 5.0 X
—610
11.52 0.25% In 6.7 X
—610
11.53 0.1% In 1.7 X 10“ 5
11.54 0.05% In 1.5 X 10“4
14.3 0 .0004% * 5.2 X 10“^
14.4 0.0004% * 4.8 X 10“ 3
14.5 0 .0004% * 1.1 X 10“3
14.7 0 .0004% * 9.5 X 10“ 3
14.8 0 .0004% * 2.7 10“ 3
14.9 0.0004% * 3.6 X 10“3
14.11 0 .0004% * 2.1 X 10“ 3
15.1 2.5% Sn 2.2 X io“3
15.2 0.05% Sn 7.9 X 10“3
12.21 0.02% * 1.1 X 10“4
10,8 0.02% * 4.2 X 10 p
* High purity lead contained approximately four parts 
per million impurities and commercial quality lead 
contained approximately 200 parts per million impuritie 
The impurities were mainly bismuth, silver and copper, 
and are listed in detail in table 2.1.
Alers, G. 
Alers, G.
Baker, G *
Barnes, R
Barnes, R
Baxter, W 
Beshers, 
Birnbaum, 
Bordoni,
Bridgman, 
Broom, T.
Cabarat, ! 
Caswell, 
Chambers,
Chambers,
Corbett,
Corbett,
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